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Foamy slag format ion in the electric arc furnaces 
of the Bi1 let stee1 Plant of PT. Krakatau Steel, 
Indonesia, was invest igated to find opt imum condi t ions 
of injection pract ice and flux addi t ions that would 
decrease electrical energy consumption and increase 
yield.
The invest igat ion was carried out in the 65 ton/30 
MVA furnaces, with and without the oxy-carbon 1ance, and 
in the former also varying burnt lime: dolomit ic lime 
slag addi t ions.
The results showed that, compared with manual 
lancing, the use of oxy-carbon lance reduced electrical 
energy consumption by 83 kWh/ton 1iquid stee1, and 




The plants of long product stream at P.T.Krakatau 
Steel consist of Billet Steel Plant and Wire Rod Mill. 
The Krakatau Billet Steel Plant is designed to produce
500,000 tonnes of steel billets annually, with Direct 
Reduced Iron (DRI) from the existing direct reduction 
plant as the major part of the raw material for the 
basic electric arc furnaces. The Plant facilities 
include four 65 tonnes Electric Arc Furnaces, two 
rinsing stations and two four-strand Billet Casters 
with radius 4 m. The Casters can produce steel billets 
ranging from 110x110 sqmm to 150x150 sqmm section. 
The Krakatau Billet Steel Plant has to supply the steel
billets to the Bar and Section Mill of the nearby
company and to the Wire Rod Mill. Therefore, the
quality of the steel billets have to meet the 
requirements of market demand of the Bar and Section 
Mill and the Wire Rod Mill.
For being competitive in the market, cost reduction 
program relating with the development of steel making
technology has to be made. The cost of producing 
electric steel ( Conversion Cost ) is determined mainly
2
by the cost of "Electrical Energy”. The figure is about 
40 % of conversion cost and about 16 % of total 
product ion cost.
In order to decrease electric arc furnace heat 
time, steel makers have installed higher powered 
furnaces. Higher power input is achieved by increasing 
vo11 ag e and ampe r age to the electric arc furnace. 
Increased voltage is preferred over increased amperage 
since the power factor is higher. Since higher vo11age 
corresponds to a 1onger arc length, steel makers have 
been faced with an unpleasant side effect of increased 
arc radiation to the furnace wall which decreases the 
efficiency of energy usage. Poor energy utili zat ion 
during the transfer of electrical energy from the 
e1ectrode to the steel bath in electric arc furnaces led 
to the study of the effects of we 11-foamed slag on the 
efficiency of energy transfer [Ameling, D. et al, 1986]. 
The problem was to find the best way to cause the slag 
to foam up by opt imizing the composition of the slag and 
by injecting finely divided carbon and oxygen into the 
slag to achieve better energy transfer during the hot 
operat ing phase. Forming a foamy slag in an electric 
arc furnace is faci 1 itated with oxygen/carbon 1 ance 
manipulator. The operating variables of oxygen/carbon 
lance manipulator include ; the oxygen consumption and
3
f 1owrates and carbon mat e r i a 1 specif icat ion, its
consumption and flowrates.
The purpose of this work, therefore, was to study 
and optimise the operating (variable) parameters for 
forming stable foamy slag in an electric arc steelmaking 
by using an oxygen/carbon lance manipulator to achieve 





During the hot phase, the condition under which 
energy is transferred from the arc changes cont inuously 
as a result of the processes which occur between the 
tip of the electrode, the slag and the bath. Figure 2.1 
shows a schematic diagram of the change in vo1tage along 
the arc for a 250 mm long arc ( I = constant ). 
Physically induced vo1tage drops amounting to a total of 
40 volts occur at the transit ion between the e1ectrode 
and the arc and between the arc and the bath. From 
minimum field strength of 1 V/mm of arc required for the 
arc to burn uniformly, therefore the total vo1tage drop 
is 290 V ( see Figure 2.1.a ). Accordingly, about 36% 
of the electrical output of the arc column is radiated 
off and about 14% is converted to heat energy, half at 
the tip of the electrode and half at the focal spot. 
During a short circuit between the electrode and the 
bath or scrap, such as can be caused, for example, by 
the collapse of the scrap or by osci1lat ions of the 
bath, the energy supplied at the point is converted 
chiefly in graphite ( Figure 2.1.b ). In the case of 
freely burning arc (Figure 2.1.c) the total electrical 
efficiency of energy transfer is 36%, if it is assumed
Figure 1. - Effect of foamed slag on the efficiency of energy transfer from 
the electrode to the metal bath [ Ogawa, Y. et al, 1992 ]
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that the remaining 86% of total energy radiated off by 
the arc column is distributed in equal thirds over the 
side walls of the furnace, the furnace cover and the 
stee1 bath.
When the arc is immersed half way (Figure2.1.d) 
or completely ( Figure 2.1.e ) in the slag, half or all 
of the radiation energy of the arc is transmitted by 
thermal conduct ion through the slag to the stee1 bath. 
The energy utilization values are in these cases 65% 
and 93% respectively, Figure 2.1.f shows a combination 
of arc heating and resistance heating, and Figure 2.1.g 
shows pure resistance heat ing. These cases occur when 
the slag is able to match the resistance of the arc on 
the basis of its own specif ic conduct ivity and when the 
depth of the slag is sufficient for the purpose. Through 
the additional reduct ion in the focal spot losses, the 
efficiency of the electrical energy transfer increases 
to as much as 100%.
The possible factors which affect the formation 
of foamed slag are 1isted in Figure 2.2 [Ameling, D. 
et al, 1986]. A system is categorized as "foam" when the 
vo1ume of the 1iquid phase is so smal1 by comparison to 
the vo1ume of the gas phase that the liquid is present 
only in the form of layers separated from one another by 
gas bubbles, where these bubbles are no longer able to
Factors Affecting Slag Foaming
Gas phase Slag phase
(Amount of C0/C02 formed)
Surface tension/interfacial
Viscosity Volume
1 . (C) +
2. (C) +
in bath in slag
(0 ) -> (CO) 1. (FeOn) + (C) -*• (Fe) + (CO)
1 / 2  ((h) -"(CO) 2 . (FeOn) + (CO) (Fe) + (C02)
3. (C) + 1/2 (02) -"(CO)
4. (C) + (0 2) -  (co2)























[C] - (FeOn) — [Fe] - {CO}
Bas (CaO)/(Si02)
Figure 2.2 - Factors wich affect tlie formation of foamed slag [Ameling, D. et al, 1986]
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move freely. The gas which foams up the slag can be 
formed in both the bath and the slag itself [Ameling, 
D. et al, 1986]. In the bath, gas can form through the 
format ion of carbon monoxide, by a reaction of the 
dissolved carbon with e i ther gaseous or dissolved 
oxygen, the content of which is determined by the FeO 
act ivty in the slag. The condition f or the occurence of 
these reactions, however, is that there must be a 
sufficiently high leve1 of carbon in the bath. The 
carbon in the slag can react in many different ways with 
FeO, pure oxygen or CO2 . The carbon supplied to the 
slag by addi t ion through the cover/s1ag door, by 
injection through a lance from the side and by way of 
carbon containing iron granules. It is also possible to 
form CO at the phase boundary between the metal and the 
slag.
In addition to the formation of gas, certain 
physical - chemical propert ies of the slag also play a 
crucial role in foam format ion. The viscosity in the 
three phase Ca0-Fe0-Si02 system is determined by the 
composition and the temperature of slag. In the 
homogeneous 1iquid region, increasing amounts of FeO, 
MnO, CaO and MgO have a 1iquefying effect, whereas the 
components SiOa and AI2O3 increase the viscosity at a 
constant temperature. The relat ionship changes on 
reaching two-phase regions, in which sol id phases can 
separate out. This is the case in the system under
9
discussion here when, through an increase in the amount 
of CaO or MgO, solid dicalcium si 1icate or 
magnesiowiistite is formed, then the viscosity increases 
sharply. As the temperature increases, however the 
viscosity of the slag decreases. The hotter the melt is 
when it is tapped, the worse the conditions are for 
maintaining a foamed slag.
The increase of surf ace tension will decrease the 
foaming life [Ogawa,Y . et al, 1992]. CaO, AI2O3 , MgO and 
FeO increase the surface tension, Si02, Ti02, P2O5 , Na20 
and S have lowering effect. P2O5 and AI2O3 improve the 
elasticity [Cooper, C.F. and Kitchener, J.A., 1959]. 
The interfacial tension between the slag and stee 1 is 
determining for the transfer of the gas bubbles which 
foamed in the metal bath. The e1ements C, O , S, and N 
dissolved in the bath reduce the interfacial tension and 
thus help to prevent a retardat ion of boi1ing. The Si02 
content has the same effect, whereas CaO increases the 
tension at the interface.
2.2 CONCEPT OF SLAG FOAMING
Slag foaming has been intensively investigated in 
various steelmaking processes such as converter process, 
bath smelting, hot metal treatment and electric arc 
furnace [Ogawa, Y . et al, 1992]. The slag foaming
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phenomenon is divided into the following three principal 
stages ;
1. Format ion of CO bubbles at the slag/metal interface 
and their detachment.
2. Rise of the bubbles in the slag layer and their 
accumulat ion under the f ree surface { format ion of 
the foam ) and
3. Coalescence of bubbles in the foam and the rupture of
bubble films at the top surface of the slag which 
tends to destroy the foam.
Figure 2.3 schemat ically shows the concept of the
present mode 1. The foam height is decided by the
balance of the gas evolut ion rate at the slag/metal 
interface and the gas escape rate at the top surface of 
the slag. The rate equation for the change in foam 
height is expressed as Equation ( 2.1 ):
dH Q in - Q out 
dt A
( 2 . 1  )
Where;
H = the foam height 
Q in = the gas evolut ion rate 
Q out= the gas escape rate
A = the cross sect ion area of the vesse1.
The important characteristic parameters of slag foaming 
are :
a. Foaming Index ( 2 ) and




rate of f ilm  rupture  f i lm  th ickness
1 be tw een bubb les
d is tr ib u t io n  of b u b b le s  -----------
in foam  (void f ra c t io n )
t
gas evo lu tion  -----------------------
(bubb le  size)
Q+(0)— CO
Figure 2.3 - Concept o f present foaming model o f slag [ Ogawa. Y. et al? 1992 ]
12
Foaming Index ( 2 ) is defined as the retention or 
travelling time of the gas in the slag, and expressed as
Equation ( 2.2 ):
h2 - _... - ........................ . . ( 2.2 )
Vs g
Where;
h = foam height ( cm )
Vsg = superficial gas velocity ( cm/s ).
Foam life ( x ) is def ined as expressed by the





In ( h ) 
h*
( 2.3 )
time, in seconds, required to reduce the 
foam height from h° to a specif ied posit ion h.
h° = foam height ( cm ).
For an ideal slag, the foaming index 2 is equal to 
average foam life x .
Thus the three characteristic parameters of slag 
foaming, i.e., foam height { h ), foaming index ( 2 )
and foam life ( x ) will govern the stability of foamy 
slag.
A physical model of slag foaming was derived by 
using results of cold and hot mode 1 experiments.
The governing factors of slag foaming have been
13
clarified with this model. The effects of the physical 
properties of slag and metal on the foam height as well 
as on foam life are given in Table 2.1. It was 
confirmed [Ogawa, Y. at al, 1992] that the bubble size 
evolved at the slag/metal interface is determined 
basically by the static balance between the buoyancy 
force and the adhesive force to the slag/metal 
interface. The slag/metal interfacial tension and the 
surface tension of metal also affect the foam height, 
besides the surface tension and the viscosity of slag, 
through the change in the bubble size. And the foam 
life increases with decreasing the bubble size.
2.3 FOAMING PARAMETERS AMD EXPERIMEM TAL RESULTS ON THE 
FOAMING OF CaO - SiOa - FeO SLAGS
Since the predict ion and control of slag foaming 
are required for current and future iron and steelmaking 
processes, a quantitave study of foaming is important. 
The experimental results which relate the foaming 
parameters with the influencing factors of slag foaming 
are described as foilows :
2.3.1 Bubble Size
Figure 2.4 shows the effeet of bubb1e diameter 
on foam index [Zhang Y. and Fruehan, R.J., 1995]. It is 
seen from Figure 2.4 that increasing bubb1e diameter
3 0009 03201168 1
Table 2.1 The effect of the properties of slag and metal on the bubble size at 
the slag/metal interface, the void fraction of foam, the rupture 
rate of bubble film and the height.
Foam height Rupture rate 
of
bubble film
Bubble size Void fraction 
of foam
Slag viscosity ▲ increase ▼ ▼
Surface tension ▲ 
of slag
decrease ▲ ▲ A
Slag metal ▲ 
interface tension
decrease ▲ ▲ ▲
Surface tension ▲ 
of metal
increase - ▲ ▼
15
decreases foam index. This is in agreement with 
previous work [Ogawa, Y. et al 1992]. It should be 
remarked that addition of P2O5 decreases the bubble 
diameter, because P2O5 decreases the surface tension of 
the slag [Ito, K. and Fruehan, R.J., 1989].
2.3.2 Foaming Index and Foam Life
The relation between foam height (h) and gas 
flowrate is shown in Figure 2.5 for crucibles of varying 
diameter. The foam height increases with increasing 
gas flowrate for every case. For the same gas flowrate 
(Qg), the smaller the crucible diameter the larger the 
foam height.
Figure 2.6 shows the dependency of foam height 
(h) and the average gas trave11ing time in the foaming 
slag (2) on the superficial gas velocity (Vsg ). The foam 
height increases 1 inearly with the increasing (Vs g ) and 
2 becomes constant after a certain flowrate is reached. 
If the diameter of the crucible was larger than 32mm 
the results are al1 on the same 1ine, indicating 2 is 
independent of crucible diameter and wall effects are 
sma11. Therefore 2 can be used as characteritic foaming 
index.
Typical results for foam life measurement are
16





Figure 2.4 - The foam index as a function o f the reciprocal o f the average 
bubble diameter fZhane. Y. and Fruehan. R.J.. 19951.
Figure 2.5 - The relation between foam height and superficial gas velocity for 
various crucible sizes [Ito, K. and Fruehan, R.J., 1989],
Figure 2.6 - The relation between foam height and gas flowrate for various 
crucible sizes [ Ito, K. and Fruehan, R. J., 1989 J
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shown in Figure 2.7.
A good 1 inear relationship was obtained between ( % )
and-In ( h/h° ).
2-3.3 Surface Tension and Viscosity of the Slag
The surface tension of the slag greatly affects 
foaming [ Turkdogan, E.T., 1996 ]. The relation between 
the foaming index and the surface tension of slag for 
a CaO-SiOa-FeO system is shown in Figure 2.8.
The logarithm of 2 varies approximately 1inearly and 
decreases with increasing the logarithm of surface 
tension. However, since Si02 decreases surface tension 
and increases viscosity for CaO-SiOa-FeO system, the 
effect of the viscosity on the foaming index can be 
expected. Figure 2.9 shows the relation between the 
foaming index and the slag viscosity for the CaO-Si02- 
FeO and the Pb0-Si02 systems. The foaming index 
increases with increasing viscosity in both system. 
A good relation ship was obtained for the PbO-SiOa 
system; however, for the CaO-Si02-FeO system, there is 
considerable scatter. It is expected that the low
surface tension enhances and stabilizes the foaming, and 
high viscosity prevents the drainage of liquid slag from 
the film between the bubbles.
An empirical equation to predict the foaming 
index for CaO-SiO-FeO slag was obtained as foilows by
18
Figure 2.7 - The relation between - In (h/h°) 
and time (s)
[ Ito, K. and Fruehan, R. J., 1989 ]
l o g  1 ( N / m )  (PbO-SiOj)
- 0.5  - 0.4 - 0.3 - 0.2
l o g  T  ( N / m )  (CaO-SiOi -FeO)
Figure 2.8 - The relation between the foaming index 
and surface tension for CaO-SiQrFeO  
and PbO-SiC>2 slags 
[ Ito, K. and Fruehan, R.J., 1989 ]
Figure 2.9 - The relation between the foaming index and viscosity 
for C aO -Si02“FeO and PbO-Si02 slags 
[ Ito, K. and Fruehan, R.J., 1989 ]
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the dimensional analysis [Zhang,
R.3.» 1995a];




( 2 .4  )
2 = foaming index, second,
P = density of slag, kg nr3, 
j = surface tension of slag, Nnr1 , 
|i = viscosity of slag in Pa. S,
2.3.4 Effect of Basicity
Figure 2.10 shows the foaming index and foam life 
of CaO - SiOa - FeO slags at 1573° K as a funct ion of 
basicity index in weight percent, CaO/( SiOi + AI2O3 ). 
Both foam index 2 and foam life x decrease with 
increasing basicity because high basicity slags have 
higher surface tension and lower viscosity, which 
destabi1ize the foam [Kitamura, S. and Okohira, K., 
1992]
2.3.5 Effect of Second-Phase Particles
Figure 2.11 shows the relationship between the 
vo1ume trie particle concentrât ion and foaming, where 2° 
is the foaming index without second phase particles for 
that particular slag. The value of 2 increases with 
increasing particle concentrât ion. If it is assumed for
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Figure 2.10 - The change of foaming index Z and foam life x with basicity index 
(C'aO/SiOi) of the CaO-SiCh-FeO slags 
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Figure 2.11 - The relation between foaming index Z and the basicity index 
of the CaO-SiCVFeO slags [Ito, K. and Fruehan, R_J., 1989]






the case of the CaO addition that it forms 2CaO.Si02 , 
the volume of the second phase part icles would increase 
and those points would also fall on the line for the 
2CaO.SiOa particles.
Figure 2.12 shows the foaming index ( 2 ) as 
funct ion of the slag basicity def ined as wt pctCaO/wt 
pet Si02. The 2 decreases with increasing Ca0/Si02 up 
to CaO/Si02 = 1.2 at 1573* K and 1.22 at 1673° K which 
are the 1iquidus compositions. The surface tension 
increases and viscosity decreases with increasing CaO. 
However, low surface tension and high viscosity 
stabi1ize the slag foam. Nevertheless, 2 increases
with increas ing CaO/S i02 when CaO/S102 is in excess of 
the 1iquidus compos i t ion. This is because solid 
particles such as 2CaO.Si02 precipitate at higher CaO 
contents, and the particles significantly increase foam 
stabi1ity [Kitamura, S. and Okohira, K., 1992].
Therefore, the precipitat ion of the second phase 
particles has a larger effect than the increase in 
surf ace t ens ion and decrease in v i scos i ty on foam 
stabi1ity for these slags.
2.3.6 Effects of S. F. CaFi and MgO
Figure 2.13. shows the effect of additions of S, 
P2O5 , CaF2 and MgO on the foaming index at 1673* K. In 




Figure 2.12 - The temperature dependency of the foaming index for a 35 
pet CaO - 35 pet S i02 - 30 pet FeO slag 
[ Ito, K. and Fruehan, R.J., 1989 ]
%CaF2, %MgO
. 0 10 20
7.P 205, % 5
Figure 2.13 - The effect o f CaF2, P20 5 , S, and MgO on the foaming index 
[ Ito, K. and Fruehan, R.J., 1989 ]
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the additive. P and S are surface active components 
which lower the surface tension of the slag. P2O5 
slightly increases 2, but sulphur marginally decreases
2. This indicates that surface tension alone does not 
have a great effect on slag foamability. In 
general, CaF2 decreases 2 by lowering the viscosity of 
the slag. Larger additions of CaF2 significantly 
decrease the foam stability by increasing CaO 
solubility, thus dissolving some of the second phase 
particles. The MgO increases 2, probably because it 
increases the amount of solid particles in the slag. 
This is also supported by later work [Hara, S. and Ogino 
K., 1992].
2.3.7 Temperature Dependence
Figure 2.14 shows the temperature dependency of 
the foaming index for 35 pet CaO - 35 pet Si02 - 30 pet 
FeO slag. Log (2) is inversely proportional to 
temperature. When the temperature drops from 1350° C 
to 1250° C, 2 increases by a factor of two. This is 
explained by the effect of temperature on surface 
tension and viscosity, similar temperature effect on 
slag foaming has been reported by [Kitamura, S. and 
Okohira, K., 1992].





1 / T X10A (1/K)
Figure 2.14 - The temperature dependency of the foaming index for a 35 
pet CaO - 35 pet Si02 - 30 pet FeO slag 
[ Ito, K. and Fruehan, R.J., 1989 ]
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Foaming practices are being widely used in 
electric furnace operations for faster melting. longer 
e1ectrode life and to shield the refractories from the 
arc [ Morales, R.D. et al, 1995 ]. As noted earlier 
slag foaming can be characterized by a foaming index (2) 
which is equal to retent ion or trave 11ing time of the 
gas in the slag. As expected, slag foaming increased 
with increasing viscosity and decreas ing surface 
tension. It was found that the suspended second phase 
solid particles such as CaO, 2CaO.SiCb and MgO 
stabi1ized the foam and were more important than 
viscosity and surface tension for slags studied [I to, 
K.and Fruehan R.J., 1989].
2.4.1 Foaming Index
Figure 2.15 shows the dependency of foaming index 
and foam height on the superficial gas velocity ( Vsg = 
flowrate per area ). The foam height increases 1 inearly 
with the increasing Vsg and foaming index 2 becomes 
constant after certain flowrate is reached. The higher 
the foaming index 2 the better the slag will foam.
Figure 2.16 shows the effect of FeO concentrât ion 
on foaming index 2 for the slag with the constant 
CaO/SiOa ( = 1.22 ). FeO decreases the foaming index 2. 
Since the change of surface tension with FeO content is 



















Figure 2.15- The Independency of foam height and £ on superficial gas velocity 
[ Ito, K. and Fruehan, R.J., 1989],
Figure 2.16 -The effect o f 2 C a0 .S i02 particles on I  [ Ito, K. and Fruehan, R.J., 1989]
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in foaming is due to the lowering of viscosity.
The effect of the addition of 2Ca0.Si02 particles 
to the slag on 2 is shown in Figure 2.17. The presence 
of second phase particles stabilize the foam. Since
the viscosity of 10 % FeO slag is high, it is expected 
that the dispersion of the particles in the slag was not 
fully achieved and the effect of the second phase 
particles is less.
Figure 2.18 shows the effect of surface active 
components such as P2O5 ( P5+ ) and CaS ( S2" ), which 
lower the surface tension of the slag. P2O5 slightly 
increases foaming index 2 whereas CaS marginally 
decreases 2. The higher basicity slag shows a larger 
value of 2 because of the presence of CaO and 2CaO, 
Si02 particles.
Figure 2. 19 shows the effect of CaF2 on
foamabi1ity, expressed by foaming index 2. CaF2
decreases 2 by lowering the viscosity of the slag.
However, a small addit ion of CaF2 seems to increase the
foamabi1ity for the slag containing solid particles.
But the addition of excess CaF2 decreases the foam 
stability by increasing CaO solubility and consequently 
dissolving some of the second phase particles.
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Figure 2.17- The effect of FeO content on I  [ Ito, K. and Fruehan, R.J., 1989]
Figure 2.18 -The effect of P2Os and S on Z
[ Ito, K. and Fruehan, R.J., 1989 ]
Figure 2.19 - The effect of CaF2 on I
[ Ito, K. and Fruehan, R.J., 1989 ]
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Figure 2.20 shows that MgO probably increases 
foaming index 2 because it increases the amount of solid 
particles in the slag.
Figure 2.21 shows the relat ionship between 
foaming index 2 and basicity def ined as CaO/SiOs. 
Foaming index 2 decreases with increasing CaO/SiOa up to 
CaO/SiOa = 1.22» which is on the 1iquidus 1ine at
1,400°C. Surface tension increases and viscosity
decreases with increasing CaO. Therefore, low surface 
tension and high viscosity stabi1ize slag foaming. 
On the other hand, foaming index 2 increases with 
increasing CaO/SiOa when CaO/SiOa is greater than 1.22. 
This is because the presence of so 1 id part icles such as 
2CaO.SiO2 and CaO significantly increase foam stabi1ity. 
Therefore, the précipitât ion of second phase part icles 
has a larger effect than increase in surface tension and 
decrease in viscosity on foam stability.
The temperature dependency of foaming index 2 for 
alumina saturated slag is shown in Figure 2.22, 2
increases 1inearly with increasing reciprocal
temperature ( 1/T ). When the temperature drops from 
1,350* C to 1,250*» foaming index 2 increases by a 
factor of two. Since the temperature coefficient of 
surface tension is positive and that of viscosity is 
negat ive, decreasing surface tens ion and increas ing 
viscosity with decreasing temperature would stabilize
30
igure 2.20- The effect of MgO on Z Figure 2 .2 1 - The relationship between Z and Ca0/Si02
[ Ito, K. and Fruehan, R.J., 1989 ]. for the Ca0.Si02 for the Ca0.Si02.Fe0
system at 1,400° C 
[ Ito, K. and Fruehan, R.J., 1989 ].
-J------1_____I_______ l 
6.0 6 . 2  6.4  6 . 6
1 /  T  x 1 ( 1 / K )
Figure 2.22- Temperature dependency of I  for 35CaO.35SiO2.30 FeO slags
[ Ito, K. and Fruehan, R.J., 1989 ].
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the foaming, as was the case for Figure 2.14.
, Figure 2.23 shows the effect of the volumetric
part icle concentrât ion on foaming where 2° is the 
foaming index without second phase particles in the 
slag. The value of foaming index 2 increased with
increasing particles concentrât ion. The foam
stabi1izing effect of CaO seems to be larger than that 
of 2CaO.SiOa. However, if it is assumed that al 1 of 
the CaO formed 2CaO.SiOa, both of these would show the 
same effect on foaming, as was the case in Figure 2.11.
2.4.2 Foaming Height
Using the estimated foaming index, the foaming 
height, h in the furnace is calculated through the
hintegration of 2 = -■— * , becoming as foilows [Ito,
V6g
K. and Fruehan R.J., 1989]:
h = 2 ( Vsg - ¥ ° g  ) + h* .............. ( 2.5 )
Where :
h = foaming height ( cm )
2 = foaming index { seconds )
Vsg = superficial gas velocity ( cm/s )
V#g = superficial gas velocity when foaming begins 
h* = foaming height when foaming begins.
However, V*g and h* are expected to be negligibly small
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Figure 2.23- The effect of second phase particles on slag foaming 
[ Ito, K. and Fruehan, R.J., 1989].
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in actual practice. The other assumptions in the 
calculation were:
1. The furnace is isothermal
2. The flow regime does not change ( i.e, no channeling 
of gas through the slag and no flooding ) at high 
superficial gas velocity in the vessel whi1e b1 owing 
oxygen ( i.e. 2 is constant ).
3. The effect of bubb1e diameter on foaming index 2 is 
smal1.
4. The foamed slag is uniform.
5. The carbon particles injected into slag do not affect 
foaming index 2 because they will not remain for a 
long period of t ime because of the i r immediate 
rect ion with injected oxygen and iron oxide.
6. The composit ion of of f gas is 90 percent CO, 10 
percent CO2 .
The foaming height of an electric furnace slag 
with CaO/Si02 = 3.0 at 1,600° C was calculated as a 
funct ion of FeO content using actual operat ing
condit ions. The results are shown in Figure 2.24.
The superf icial gas velocity was calculated from the 
oxygen blowing rate. The foam height linearly
increased with increasing oxygen blowing rate. 
The foaming significantly increased with decreasing FeO 
content because of the lower viscosity and the greater 
amount of second phase part icles. The gas flowrate







Figure 2.24- Foaming height versus oxygen flow rate for various
FeO contents (B = 3.0) [ Ito, K. and Fruehan, R.J., 1989].
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furnace was assumed to be control led by the oxygen 
inject ion rate in Figure 2.24. Of ten coke is injected 
into the slag which reacts with FeO to generate the 
foaming gas. The react ion between (FeO) and so 1 id carbon 
suspended in slag [ Eq.(2.6) ] controls the gas velocity 
[I to, K. and Fruehan R.J., 1989] ; similar results were 
also reported by Zhang and Fruehan [1995b].
( FeO ) slag + C sol id = Fe + CO . .......... . (2.6)
T Kr S










2.88 exp ( --------)aFeO (mol FeO/cm2 s) ..(2.8)
RT
temperature of slag ( K ), 
rate constant,
slag/solid carbon interface area,
the cross - sect ional area of the vessel,
gas constant.
Figure 2.25 shows the calculated foaming height in an 
electric arc furnace for the slag with CaO/Si02 = 3  at 
1,600° as a f unct ion of FeO concent rat ion. The ratio 
of S/A was assumed to be 20 which corresponded to 
condit ion that the slag contained 1 wt pet of coke 
part icles ( d=l cm ). The maximum foaming height is 












Figure 2.25 - The anticipated foaming height of the slag for an EAF operation 
as function of FeO concentration assuming that the reduction of 
FeO by carbon determines the gas velocity in the furnace. The S  
is slag carbon and the A  is vessel surface area [ Ito, K. and 
Fruehan, R.J., 1989 ].
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higher FeO content decreased the foaming by decreasing 
viscosity but the FeO content increased the rate of gas 
generation which has a larger effect on the foam height.
Figure 2.26 shows the relat ionship between 
foaming height and basicity ratio { B = CaO/Si02 ). 
Since the precipitation changes from 2CaO Si02 particles 
to CaO and 3CaO.Si02 part icles [I to, K . and Fruehan 
R. J. , 1989], the amount of sol id part icles in slag 
decreased for high basicity slag. Therefore, the 
foaming height reached a maximum at a CaO/Si02 rat io of 
about 2.
2.5 OPTIMIZED EQUILIBRIUM OF SLAG FOAMING IN ELECTRIC 
ARC FURNACE STEEL MAKING
As part of the slag studies, three essent ial 
regions in the multi component system ( CaO ) - ( FeOn ) 
- ( si02 ) - ( A I 2 O 3  ) - ( MgO ) - ( MnO ) - ( P2O5 )
were determined for the evaluation of the foaming 
behavior of the slag; these regions are entered in 
Figure 2.27. The plot shows that three regions of
def ferent slag composi t ion can be clearly separated in 
terms of their foaming behaviour or foamabi1ity. As
regards foamabi1 ity, these three regions with their 









Figure 2 . 2 6 -  Foaming height versus slag basicity (FeO = 20 wt percent) 
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Figure 2.27- Effects of iroaoxide activity and slag basicity on the foaming behavior of 
the slag [ Ito, K. and Fruehan, RJ., 1989].
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Both the activity of the iron oxide and the 
basicity of the slag have a great influence on the 
foaming behaviour of the slag. Slag which does not 
foam initially (region II, point C } can be foamed by 
lowering the a ( FeOn) values, by injecting coal, for 
example, while maintaining the slag basicity, because 
this measure makes it posiible to lower the non - oxide 
contents considerably while promoting the formation of 
large amounts of gas in the slag. The slag leaves the 
region II, if it then reaches region I ( point a ) an 
additional increase in viscosity occurs with its 
positive effects on foaming behaviour. If, on the 
other hand the two - phase region (region III, point a.) 
is reached by increasing the basicity of the slag at a 
constant a ( FeOn ), good foaming ( point b ) Is also 
possible by means of a sharp increase in the apparent 
viscosity as a result of the precipitation of dicalcuim 
silicate and magnes iowiist i t e. The precondition for 
this, however, is that the slag must have a high 
dissolving power for lime and do 1omite, which can be 
provided, for example, by adding A12O3 or SiOa. These 
three regions can also be localized in the three 
phase system ( Figure 2 . 2 8 ) and can be discussed on the 
basis of this diagram. In region I, homogeneous 
foaming occurs. The final slag which occurs in this 
region can always be foamed because of its high 
viscosity, comparatively low ( FeOn ) contents, and the 
low level of iron activity in this region. Slags
0 » » M 1 0 5 0 6 0 7 0 8 Q
CoO‘ HgO*MnO — —
Figure 2.28 - Ranges of different foaming behavior in the quasi-three-phase 
system (CaO)’-(FeO„)’-(Si02)’ [Nürnberg, K., 1981]
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which foam poorly on their own because they are thin as 
a result of high ( FeOn ) contents and the high non­
oxide activity, are described as region-II slags. 
In region III, heterogeneous foaming occurs. The final 
slag which reaches the two — phase region shows 
precipitation of finely divided dicalcium silicates 
and/or magnes iowiist ite . These precipitates increase 
the apparent viscosity of the slag. Nevertheless, slag 
which has the composition mentioned above does not 
necessarily foam well. On the contrary, the 
precipitation behaviour of dicalcium silicate and 
magnesiowiist ite is influenced by the dissolving 
behaviour of lime and dolomite and by the kinetics of 
the precipitation process. In addition, high (FeOn) 
activities at the same carbon input bring about lower 
initial carbon contents, which means that the amount of 
CO gas in the bath which is favourable for foaming may 
be partially or completely missing. For this reason, 
good foaming is not always observed in this slag
composi t ion region, even though the viscosity is
f avourab1e.
The average initial carbon content, which
represents a measure of the amount of gas which cani be
formed from bath and which, because it is coupled with
oxygen content of the bath, makes it possible to draw
conclusion as to the iron oxide activity in the slag, 
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Figure 2.29 - Average initial carbon content [ Ameling, D. et al, 1986 ]
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carbons are accordingly to be considered an essential 
precondition for the effective foaming slag.
The decrease in the iron oxide content in the 
slag during the hot phase as a function of the carbon 
content of the melt is shown in Figure 2.30 a and b. 
The initial values are near the equi1ibium line for 
1s600 C, which stay close to the iron corner of the 
system even at higher temperature. The average 
absolute decrease in the iron content in the slag is 
about 1 %, regard1 ess of the initial carbon content. 
It is notable that this tendency is usually coupled with 
a decrease in the carbon content ( Figure 2.30 b ); when 
ferromanganese is added, there is an especially sharp 
reduction in the ( FeOn ) content, but only an 
insignificant decrease when bauxite is added.
The average value curves of the oxygen contents, 
calculated from the iron oxide activity extrapolated 
according to Turkdogan and Pearson [ 1953 ] are shown in 
Figure 2.30 c at the start of the cycle and at the tap; 
these values are plotted against the carbon content of 
the bath. In a manner similar to the decrease in the 
bath carbon content during refining with oxygen during 
hot operat ion, the bath oxygen content increases in 
correspondence with the equilibrium 1ine from the start 




Figure 2.30 - Joint changes in the [C], (fe), and calculated [O] contenéis in the 
hot phase [ Turkdogan, E.T. et al, 1953 ].
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simultaneous decrease in the iron oxide content in the 
slag, which at a constant average basicity of 2.0, 
brings about a drop in the iron oxide activity according 
to the course of the isoactivity 1ines of iron oxide in 
the three phase system (CaO) - (FeO) - (Si02), similar 
to Figure 2.28. This decrease in act ivi ty should also 
lead to a reduct ion in the bath oxygen content. That the 
reaction mechanism funct ions in the opposite direction 
can be explained by the fact that the metal and slag are 
not in equi1ibrium either at the start of the hot phase 
( melt down ) or at the end of this period ( tap ).
On the basis of the change in the carbon content 
of the bath and in the iron content of the slag during 
the hot phase, the amounts of gas formed at the various 
react ion sites can be roughly est imated. Accordingly, 
80% of the gas available for foaming is formed in the 
slag, and only 20% in the bath itself ( see Table 2.2 ). 
The reduct ion of the iron oxide in the slag is therefore 
the most important source of gas supply. A reverse 
ratio would be desirable, because the (CO) formed in 
the stee1 bath consists of small gas bubbles, which 
ascend in a uniform distribution over the surface of the 
bath and cause the slag to foam. The convect ion in 
the bath associated with this process also promotes the 
melting process and the dissolut ion of lime and 
dolomite [Ameling D. et al, 1986].
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Table 2.2 - Origin o f the CO gas formed by reactions in the metal 
[Ameling, D. et al, 1986]
%  of Co from  
the melt
% of CO from  
the slag
Standard operation 18 82
Addition of bauxite 35 65
Addition o f ferromanganese 12 88
Additon of crude dolomite 31 69
Addition of burned dolomite 14 86
Average 22 78
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At equilibrium, both the ( FeOn ) activity and 
the ( FeOn ) concentration in the slag determine the [0] 
content and therefore also the [C] content of the bath. 
At low [O] content a higher carbon content can be 
achieved in the bath only when the amount of ( FeOn ) in 
the slag is small. This is true for both the me It-down
and the tap values. Thus it is possible to carburize 
the bath, or the heel, after the tap only when the 
( FeOn ) activity in the production phase in question is 
low. The simplest way to achieve this goal is to use 
lance positioned so that its tip is in the upper area of 
the bath near metal-slag phase boundary. The increased 
use of carbon in the bucket, and the early inject ion of 
carbon powder have similar positive effects. The finer 
the injected carbon, the stronger and faster is the 
formation of t he foam. Inject ing t he carbon powder 
directly into the slag for foaming is much better than 
adding it through the cover.
2.6 EFFECT OF FOAMING ON ENERGY SAVING
It can be stated in general that the specific 
energy requirement for melts with well foamed slag is 
always lower t han for me Its with poor 1y f oamed slag 
( see Figure 2.31 ). This must be atributed to the 
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Figure 2.31- Average consumption of electrical energy in % relative to 
the consumption during standard operation 
[ Ameling, D. et al, 1986 ]
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the shielding of the arc, the partial resistance 
heating, and the better heat transfer through the slag 
as a result of the increased convection in the slag-bath 
system. These savings are achieved essentially only 
during the hot period. When the bath is superheated 
from 1,550° C during melt down to about 1,725° during 
tapping, experience has shown that about 120 kWhr/tonne 
of crude steel is needed as an energy input. The 
savings actually obtained have to be measured against 
this value. When crude dolomite is used, the 
reduction in the energy requirement is especially 
notable, even though here at least 13 Kwhr/tonne of 
crude steel ( at 100% energy utilization ) are required 
additionally to split carbon dioxide from 4 tonnes of 
crude dolomite [Ameling D. et al, 1986]. The average 
carbon dioxide obtained from the crude dolomite under 
the given experimental condition is 14 kg/ton of crude 
steel. By means of the reaction with carbon, this value 
can be doubled in terms of volume. This amount of gas 
is 3 - 5 times greater than that obtained from the 
evolution of (CO) gas from the reaction of carbon with 
dissolved oxygen or (FeOn). Because the splitting- off 
of the carbon dioxide from the crude dolomite starts at 
an early point during the melting period and lasts for a 
relatively long time, it is possible for foamed slag to 
develop relatively soon with its positive effects on 
energy consumption; at the same time, the bath and the 
slag are also mixed more vigorously. The temperature
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equalization is also improved, and the lime dissolves 
more quickly. The combination of these effects is 
responsible for suprising degree of energy conservation.
2.7 BRI MELTIMG IN THE ELECTRIC ARC FORMAGE
2.7.1 Introductory Remarks
Direct Reduced Iron (DEI) is a good clean, source 
of iron units and has for some time been used in the 
electric steelmaking as dilutant for scrap. In a number 
of countries, including Indonesia, there are integrated 
steelworks based on DRI. PT Krakatau Steel is such an 
integrated steel producer in Indonesia. In PT Krakatau 
Steel, DRI is produced by the HyL gas based process and 
then melted in the electric arc furnaces. The steel is 
cast into bi1lets and slabs which are then rolled into 
long products (bars and wire rod) and flat products 
(sheets and coils). The general practice in melting the 
DRI in the electric arc furnace is to use about 20% 
scrap and 80% DRI. The efficiency of melting the DRI 
and the energy consumed, depend on the quality and 
properties of DRI, which, in turn, depend on the quality 
of the iron ore pel lets used and the effectiveness of 
their reduct ion in the DR Plant.
2.7.2 Gangue Constituents
The iron ore feeds for direct reduction usually 
contain less than 2 percent SiOa and 1 percent AI2 O3 . 
Moreover, certain additions of either 1imestone or 
dolomite are made to improve the behaviour of the iron 
ore pellets during reduction. The additional lime must 
be added during the DRI melting in EAF to produce a 
basic slag with the required V - ratio.
The gangue amount, G , of DRI can be expressed as:
G = (amount of acidic oxides) + {amount of basic
oxides), or
G = (amount of acidic oxides) (B + 1)
then the amount of acidic oxides
G
Ga = --- — —  ...................... (2-9)
(B + 1)
where B is basicity ratio of DRI i.e.:
B = (CaO + MgO)/(S iOj + AI2 O3 ) .......... (2-10)
(amount of CaO + MgO to be added) + (amount of basic 
oxides in the gangue) = V (amount of acidic oxides in 
the slag). Since the amount of acidic oxides in the 
gangue is equal to amount of acidic oxides in the slag 
for DRI charge, then; (CaO + MgO) to be added, % = V 
(amount of acidic oxides in the slag) - B (amount of 
acidic oxides in the gangue)
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G G
(CaO + MgO) = ¥ —  — --- B -------- .... (2-11)
(B +1) (B + 1)
The amount of (CaO + MgO) to be added to obtain a target 
slag basicity, V, can be calculated as:
G (¥ - B)
(CaO + MgO) = -------—  ................ (2-12)
(B + 1)
The amount of (CaO + MgO) to be charged increases with 
gangue content G and ( Si02 + AI2O3 ) content of DRI, 
Figure 2.32. However, in order to calculate the
influence of gangue on the total amount of slag 
generated, one has to take into account the FeO content 
of the slag (FeO), which in turn may be said to be 
governed by the carbon content of the bath. Although, 
in the electric arc furnace, the percentage of (FeO) 
does not always equal the equi1ibrium value for a given 
bath carbon, but it is still highly correlated to it and 
therefore it is worthwhi1e to use a re 1at ionship between 
(FeO) and carbon in the bath. From the steel plant data 
it has been found that the percentage of (FeO) can be 
est imated from the carbon content of the bath [% C] by 
the simple relation as foilows [Dancy, E.T. et al, 1985]:
1
(% FeO) = ---------+ 10 ............... (2-13)
[ % C ]
Now the weight of slag, S, may be written as:
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GANGUE CONTENT IN METALLIZED 
PRODUCTS,%
Figure 2.32 - Percentage of (CaO + MgO) to be added to obtain a V ratio 2 
versus the gangue G and the basicity of the gangue, B.
[ Rigaud, M. et al, 1976 ]
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S = Sa (amount of acidic oxides in slag) + Sb (amount
of basic oxides in slag) + Speo(amount of FeO in
the slag), or
S = Sa (amount of acidic oxides in slag) + V Sa (amount
of acidic oxides in slag) + Sfeo(amount of FeO in
the slag), or
S = Sa (amount of acidic oxides in slag) (V+l ) + Speo 
(amount of FeO in the slag)
Since the amount of acidic oxides in the gangue of DRI 
is equal to the amount of acidic oxides in the slag for 
100 % DRI charge, then:
G(V+l)
S  ------ + S (FeO) .....................  (2-14)
(B+l)
if (FeO) is the percentage of FeO then S(FeO), the 
amount of FeO in the slag, can be obtained directly. 
Therefore:
G(V+l) S(FeO)




S = -----------  • ---------  ---------- (2-16)100 - (FeO) (B+l)
and
(FeO) (FeO) G(V+1)
S (FeO) = S ----- = ------------ ---------- (2-17)100 100 - (FeO) (B+l)
Since 535 kWh are required to melt and heat up 1 tonne 
of slag to 1600°C [Dancy, E.T. et al, 1985], the energy 




1 0 0  G ( V + 1 )
W = 535- ---------- • • — — --- ......... (2-18)
1 0 0  -  (FeO) (B+l)
In addition to having an effect on energy requirements, 
the gangue wi11 have a direct effeet on the consumption 
of lime, liquid steel yield, and productivity. Figure 
2.33 shows how the amount of slag varies with the gangue 
content for different B and (FeO) values.
2.7.3 Metal1ization
The consumption of energy in the electric arc 
furnace is also a funct ion of the degree of 
metal 1izat ion of DRI. Two forms of iron are involved 
here, the metallic iron and the iron oxide left in the 
DR I.
The comp1ete derivation for the exact formulation 
of the energy required, W, is based on the simplifed 
equation (2.19) and the defining equation (2.20) of the 
degree of metal 1izat ion, M. [Dancy, E.T. et al, 1985] :
Feii + FeO + C + G = 100 ................ (2.19)
where Feu is the percentage metallic iron in the DRI, 
FeO is the percentage iron oxide in the DRI, and C and G 



























Figure 2.33 - Amount of slag a V ratio 2 versus the gangue content G 
for different gangue basicity B and FeO content of slag 
[ Rigaud, M. et a l , 1976].
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Fey Fey
M = — ------* 100 = ----------- ------- --- ---- 100 (2.20)
Fct Fen + 56 FeO
72
where FeT is the percentage total iron in the DEI.
From equation (2.19): Fey = 100 - C - G - FeO (2.21)
72 (100 - M)Fey
and from equation (2.20): FeO =-- —------------- (2.22)
56 M
Introducing equation (2.22) into equat ion (2.23) and 
rearranging terms gives the following equat ions for Fen 
and FeO in terms of C, G and M.
(100 - C - G)
Feii = 56 M   —  ------ ---- ........... (2.23)
(7200 - 16-M)
72 (100 - C - G)(100 - M)
FeO = — ------------------ - ----  ..... (2.24)
(7200 - 16-M)
2.7.4 Theoretical Energy Required
It is well known that the amount of energy 
required to melt and heat up DRI is higher than for 
scrap. The melting energy required depends on the 
following factors :
1. The quant ity of gangue and its basicity, which 
determine the quantity of basic materials (CaO + MgO) 
to be added to maintain an acceptable slag V-basicity
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rat io of 2.
2. The quantity of residual iron oxide as expressed by 
the degree of metal 1izat ion, and the quant i ty of 
carbon; the exact quantity of FeO to be reduced will 
depend on the FeO content of the slag, hence on the 
aimed bath carbon.
3. The quant i ty of metallic iron as expressed by the 
degree of metalizat ion and by the total Fe content of 
the DRI.
According to "Electric Furnace Steelmaking", Chapter 10, 
[Dancy, E.T. et al, 1985] the following theoretical 
energy requirements for each of the preceding factors 
are taken as foilows:
1. To melt and heat up 1 tonne of slag to 1600°C, 535
kWh are required.
2. To reduce 1 tonne of FeO to Fe at 1600°C, 1100 kWh 
are required.
3. To melt and heat up 1 tonne of iron to 1600°C, 385
kWh are required.
Since to melt and heat up 1 tonne of iron to 1600°C, 
385 kWh are required, therefore, the energy required to 
melt the metallic iron can be expressed as:
Wm = 385 * Fen .........--- ............. (2.25)
(100 - C - G) 56•M
Wm = 385 -------------- -----  ........... (2.26)
(7200 - 16*M)
In the case of the iron oxide in the metallized product,
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it is necessary to take into account both the 
endothermic reaction of iron oxide conversion to iron 
and also to make a correction for the oxide going into 
the slag. Since to reduce 1 tonne of FeO to Fe, 1100 kWh 
at 1600°C are required, therefore, the energy required 
for the above can thus be expressed as:
Wo = 1100 { FeO - (FeO) } . ............ (2.27)






In order to calculate the specific energy required per 
tonne of steel, W, the three terms are totalled:
- energy to melt and heat the metallic iron: 385*Fen
- energy to melt and heat the slag material: 535*S
- energy to reduce the FeO content of the DRI minus the 
FeO content of the slag: 1100{ FeO - (FeO)} and divide 




(100 - C - G) (V + 1)
------------- and Bi = G ------
(7200 - 16M) (B + 1)
....(2.29)
and noting that, W can be written as:
W = Ws + WM + Wo ... (2.30)
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385(56-M)Ai+1100










Figure 2.34 shows how the energy requirement varies as 
a function of the gangue and the percentage 
metallization. It shows the energy penalty in using DRI 
with low metal1ization, high gangue content and low 
gangue basicity ratio.
2.7.5 Calculation of electrical energy consumption
The translat ion of the foregoing theoretical 
consumption values into practical values is very much a 
particular case for each melt shop because it depends on 
the various thermal losses, and most particularly on 
the time uti1isation of the furnace.
By statistical evaluation of the steelworks 
electric arc furnace data, the following variables were 
found by Kohle [1992] to be the essential ones for the 
electrical energy consumption for scrap melting:
TCT/TLS : Specific weight of charged scrap 
TCT : Charge weight (t)

























Figure 2.34 - Effect of the metalization and the gangue cm the energy 
required produce 1 tonne of liquid steel.










Specific weight of added fluxes
Fluxes (lime + Dol. 1imestone) weight (t)
Tapping temperature (°C)
Heat time from start power to start tapping 
(min.)
Power on time (min.)
De 1ay/Me11 ing (min.)
Specific consumption of blowing oxygen (Nm3/t) 
Specif ic consumpt ion of burner natural gas
(Nm3/t ) .
From regression analysis with values of different 
f urnaces and steelworks, factors were found for 
calculat ing the electrical energy demand for scrap 
melt ing as follows:
Ws = 300 kWh + 900 kWh (TCT/TLS-1) + 1600 kWh TFT/TLS +
t t t
0.7 kWh (Ta - 1600) + 0.85 kWh • tc - 8 kWh
t  • ° c t • min Nm3
4.3 kWh « Mo ...........................  (2.32)
Nm3
When melting scrap and sponge iron the mathematical 
model for electrical energy consumption should include 
the energy required for sponge iron melting.
To melt and heat up 1 tonne of iron to 1600°C, 
385 kWh are required; therefore, the energy required to 
melt the metallic iron can be expressed as:
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385* % F e as Metal*DRI Total
Wm = --- - ----------------------  ------------  (2.33)
100
To reduce 1 tonne of FeO to Fe, 100 kWh at 1600°C are 
required ; therefore, the energy can be expressed as :
1100 (Fe - FeOs)*DRI Total
Wo = ----- - --------------------  - ---------- (2.34)
100
(FeO)= % Fe as Oxide *72/56 ...... .......... . (2.35)
(FeO)s G(B + 1)
FeOs = ----- - -------------  ------ -----........ (2.36)
100 -(FeO)s (V+l)
The total energy required for Fe as Oxide :
Wm + Wo
Wu = --- - ---- ..........___..... (2.37)
t Is
Where
( % Fe as Metal+0.1 % Fe as Oxide)*DRI Total
tls = ------------------------------------------  (2.38)
100
is the liquid stee 1 generated from DRI.
The total energy required for scrap and sponge iron 
melting can be finally , calculated as :
Wr = 300(1 — 11s/TLS) +Wu * 11s/TLS + 900(TCT/TLS-1) +1600 
TFT/TLS+0.7(TA-1600)+0.85(tp+td) - 4 . 3Mo ( 2 . 3 9 )
2.7.6 Mathematical Description of MgO Saturation in 
Complex EAF Steelmaking Slags
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In Sections 2.3.3 - 2.3.6 effects of basicity, 
viscosity, presence of a second phase particles and that 
of some oxides, on the foamabi1ity of slags were noted. 
Industrially, the presence of MgO in slag has, 
additionally, a very important effect on the wear of the 
now commonly used MgO refractories. Thus, If the slag 
is undersaturated with MgO for the conditions involved, 
then MgO from the refractory lining will be consumed 
rapidly. If, on the other hand, the slag is 
oversaturated with MgO, then so lid MgO part icles wi11 
exist in the slag and this will lead to better 
foamib i1ty due to the second phase part i c1e effect. In 
view of the significance of the MgO saturation in slag 
a brief account of this parameter foilows. The total
of oxides in the steelmaking slag can be written as :
2 %XiO = FeOn + CaO + SIO2 + MgO + MnO + P2O5 + AI2O3
The dilution effect of MnO can be expressed as 
foil ows [Schumann. E. and Kolm, I., 1986] :
100
qifno = --- - -- - --- -- ---- ................ (2.41)
(2% XiO - %MnO)
%si02’ = %si02 • quno ................ (2.41 a)
S&P2 O5 ’ = %P2 Os • quno ................ (2.41 b)
% A 12 O3 ’= % A I2O3 • quno ................ (2.41 c)
%CaO’ = %CaO • qirno ................ (2.41 d)
%MgO’ = %MgO • quno ................ (2.41 e)
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%FeOn ’ = %FeO • quno . ......... (2.41 f)
The influence of P2Os and AI2O3 can be substituted by 
factors kP = 0.63 for P2O5 and kA 1 = 0.79 for AI2O3 as 
follows [Schiirmann, E. and Kolm, I., 1986] :
%Si02" = %Si02?+ kP • %P2Os’+ kA i • AI2O3 5 (2.42)
%CaO" = %CaO? + (l-kP )%P2Os 5+ (l-kA 1 )%Al2Os’ (2.42 a)
%FeOn" = %FeOn’     ............ (2.42b)
%MgO" = %MgO* . ........... (2.42 c)
The equivalent Si02 and FeOn can be expressed as :
%si0 2 * = %si0 2 " * 100 (100 - %MgO") .......... (2.43)
XFeOn* = %FeOn" • 100 (100 - %MgO") ......___ (2.43 a)
Now, the MgO saturat ion at 1600°C can be calculated 
using the mathemat ical mode 1 proposed by Schiirmann 
and Kolm, I., [1986] as foilows :
%MgOs = a + b * % S i 0 2 *  + c • % S i 0 2 * 2 ....... (2.44)
Where
a = ao + ai %FeOn* + a2 • %FeOn*2 ......... (2.45)
b = bo + bi * %FeOn * ................... (2.46)
The coefficients found for the calculation are [Hilty, 
D.C. et al, 1967] :
6 6
a© = 7.989, ai = -1.1547, m  = 0.001232 
b = - 0.4374, bi = 0.01034 
c = 0.01354
From Arrhenius law, the effect of temperature on the MgO 
saturation can be expressed by coef ficient K t  as 
foilows;
%MgOs c t ) = Kt * %MgOs (2.47)
Where
Kt = exp(5.5478 - 10391/T) (2.48)
It is known that the solubi1ity of MgO is related 
to the basicity, CaO/Si02, rat io and iron oxide, (FeO), 
content, as shown in Figure 2.35 and is relatively 
insensitive to temperature. Figure 2.35 shows that MgO 
solubi1ity in the slag decreases with higher basicity 
and higher content of (FeO). In addition, high (FeO) 
contents or activities at same carbon input, bring about 
lower initial carbon contents, which means that the 
amount of CO gas in the bath which is favourable for 
foaming may be part ially or completely missing. Good 
foaming is not always observed in this slag compos it ion 
region, even though the viscosity is favourable. For 
this reason, it is worthy to have opt imised value for 
all parameters, including basicity, quantity of 
dolomit ic 1imestone which represents also MgO content, 










Figure 2.35 - Influence o f  iron oxide and basicity on the solubility o f MgO 
in slag [Hilty, D C., et al, 1967]
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3.0 EXPERIMENTAL
The study to find the optimum value of the slag 
composition and the operating parameters for forming 
stable slag in electric arc steelmaking was initially 
planned according to a statistical experimental design. 
However, first few attempts did not succeed, because it 
was not practically possible to keep the variables all 
at either low level or high level. Hence the idea was 
abandoned and instead a traditional, one - at - a - time 
method was adopted by conducting the trial in one of the 
electric arc furnaces in the Billet Steel Plant of 
P.T.Krakatau Steel. The description of the melting and 
casting shop in the Billet Steel Plant used for the 
trial is given below.
3.1 DESCRIPTION OF MELTING AND CASTING SHOP
The Billet Steel Plant of P.T.Krakatau Steel is 
designed to produce 600,000 tons of steel billets per 
year, with sponge iron from the existing direct 
reduction plant being the main raw material for the 
basic electric arc furnaces.
The Krakatau Steel electric furnace shop of Billet 
Steel Plant has four 65 metric tons GHH electric arc 
furnaces. The four furnaces feature a 5,200 mm inside
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diameter shell; equipped with 30/36 MVA rating 
transformer on three furnaces and one furnace with a 
40/48 MVA rating transformer. The technical data of the 
furnaces are given in Table 3.1.
The direct reduced iron (sponge iron) and burnt 
lime are stored in bins, namely two 30 tons sponge iron 
bin and a 7 ton burnt lime bin above the roof of each 
furnace. A charging feeder is used to transfer the 
charge materials from the bins into each furnace at 
a controlled rate. These are fed through a single chute 
on the pitch circle diameter of the roof. The scrap is 
weighed in approximately 23 ton capacity clamshell type 
charging buckets, which are brought from the scrap yard 
area by scrap transfer car.
The furnaces are also provided with oxygen 
lancing facilities, carbon injection machines, 
refractory centrifugal machines and refactory gunning 
machines.
The dust that is generated inside the furnace 
is processed through the bag house filter dedusting 
system. The slag flows through the furnace door into 
approximately 10 m3 capacity slag pots that are taken
7 0
Technical Data o f  Electric Arc Furnace in BSP
Electric Arc F u m a re
Technical D a ta
Number o f Furnace : 4
Furnace size : 65 ton.
S h e ll in s id e  dia. : 5 2 0 0  m m
S ill level (  d is ta n c e  between to p  
o f  s il l  a n d  top o f  s h e ll s id e  w a l l ) 2 1 0 0  m m
S ill level ab o v e  working p la tfo rm 7 0 0  m m
Clear slag-door opening (  h e ig h t x width ) 9 0 0  x  1000 m m
T ilt angle, pouring 40*  m ax
slagging -15* m ax
Electrode nom inal diam eter 508 mm
Electrode p itc h -c irc le  diam eter 1370 m m
F u rn a c e  tilt mechanism hydraulic type
R o o f lif t/s w in g  m achine hydraulic type
Electrode operating mechanism eleetro-mecanicai
Cooling w a te r q u a n tity  required 
( including furnace tra n s fo rm e r ) 185 mVh
D u s t-e x tra c tio n  e lb o w 50 mVh
Cboling water pressure required at the furnace,
minimum min. 3 ter
m ax im u m m ax . 6 t e r
Water te m p e ra tu re s : 
in le t max. 35 * C
outlet max. 55 "C
F u rn a c e  transform er:
Nom inal capacity 30M V A
Perm issible load cycle 3 6  M V A -1 0 0  ra in . 
30 M V A  - 4 0  min. 
18 M V A -2 0  min.
0 M V A  -  20 m in .
Nom inal transformation for d e lta
connection primary : 3 0 0 0 0 V /4 2 0 V -1 5 0 V
f o r  star connection primary : 3 0 0 0 0 V /2 3 0 V -1 5 0 V
N u m b e r o f ta p e  : 2 x 9
re la tiv e  short-circuit voltage max. •' 6,1%
Electrode current (  at 347V  secondary
v o lta g e  )  max. : 4 8K A
V oltage tap change - on load
Star-delta connection : offload.
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to the slag dumping area after each heat.
The scrap charging buckets are handled by two
80/16/5 ton Cranes. The 65 tons liquid steel that is
tapped from the furnaces, is handled by one of two
130/40/5 ton cranes.
Ladle treatment is done in one ladle furnace {65 
ton), having a 15 MVA rating transformer. The ladle 
furnace is equipped with ladle turret for loading, 
positioning and unloading of the ladles and is 
faci 1i tated with alloy and addi t ive add i t ion system. 
Either argon or nitrogen can be used as the st irring gas 
and their flow can be adjusted to a certain value 
through porous plug or 1 ance.
For drying of the ladles after 1ining/relining, 
three drying stations are available which can be 
operated either with natural gas or with heavy fuel oil. 
Each ladle preheating stat ion consists of two movable 
burners with heat ing shields and four ladle stand : i.e. 
one heat ing stand will be used for two ladle stands.
The liquid steel is cast into the two cont inuous
72
cast ing machines. Each 
mould of 4 meters cast 
having dimensions, 110, 
meters length which are 
shear cutt ing machine 
completed with transf e 
level of 1iquid stee1 in 
slide gates, and 1iqu 
automat ic 1 eve 1 contro1 
data of the cont inuous 
Table 3,2.
of them has 4 strands and curved 
ing radius, producing billets 
120 and 130 mm square and 6 - 1 2  
cut by torch cut t ing machine or 
. They have two tundishes 
r car, and for contro11ing the 
the tundish by means of manual 
id steel 1 eve 1 in the mould by 
(Co 60 system). The technical 
cast ing machine are given in
Each caster is provided with a ladle turret which
to slew the casting ladle coming f rom ladle
furnace or rinsing station into cast ing pos i t ion above 
the tundish and af ter complet ion of the cast back to the 
pit area where the slag is dumped out of the ladle. 
Finishing billet is by pushing through roller table for 
being coo 1ed in the coo ling bed area, then the transfer 
of billets on a lorry, ready for shipping to Wire Rod 
Stee1 Mill or to other customer, is handled by two 
cranes with 15 tons capaci ty.
3.1.1 QCL Lance Manipulator
The forming of a foamy slag in the e1ect ic arc 
furnace no.2 of the Billet Stee1 Plant is facilitated by
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Technical Data o f Billet Casting Machine
Continuous Billet Casting Machines 
Main D a ta :
Number o f m achines 
N o. o f strands each m achine 
M achine type 
C asting radius 
M etallurgical length  
Ladle capacity 
Cut length o f b illet 
Strand cutting 
D ischarge by
Range o f cross section D esign  lim its : 
W idth
Initial range o f cross section:
W idth
W eight o f heaviest b illet 
M achine speed




: Arch type m achine 
: 4 m
: 11-12 m.
: 65 ton and max 70 ton 
: 6 -1 2  m
: by torch cutting m achine 
: D ischarge roll table and pusher
: CC.I 100 - 1 2 0  mm □
: CC.II 120 - 130 mm □
: CC.I 100 - 1 2 0  mm □
: CC.H 120 - 130 mm □
: 1,2 ton
: 1,8 ~  2,5 m /m in.( in casting direction ) 
: 4 m /inin. ( on dummy bar entry )
: 15 ton.
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Fuchs Oxygen/Carbon Lance (OCL) manipulator, 
manufactured by Fuchs Co ( See Figure 3.1 ).
The lance manipulator consists of a 
hydraulically driven device that moves one water cooled 
supersonic oxygen lance and two parallei water- 
cooled powder lances. The manipulator can be moved 
f orward/backward, lef t/right and up/down by remote 
control from the pulpit. There are semi-automatic 
movements built into the program to support the me 1 ter 
in his act ions, to prevent the manipulator from getting 
damaged and to re 1ieve the operator as much as possible. 
The operating variables of the oxygen/carbon lance 
manipulator include: the oxygen consumpt ion and flowrate 
and carbon material consumpt ion and flowrates. The
oxygen is supplied at a pressure above 100 psi through 
the venturi nozzle which creates a confined jet stream. 
The stream penetrates the bath from the top with a high 
kinet i c f orce at a we 11 def ined constant angle. 
Secondary lances for carbon and 1ime are directed 
towards the jet stream in such a way that the powders 
are transported via the oxygen into the bath. The
flowrates of oxygen and powders are control led 
throughout the process under predef ined condi t ions.
The operat ing procedure of t he Fuchs OCL Lance 
Manipulator can be seen in Appendix A .
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Figure 3.1- OCL Lance Manipulator ( Fuch’s )
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3.2 RAW MATERIALS. ADDITIVES AND PRODUCTS
The charge is comprised mostly of DRI as the raw 
material f or the electric arc furnaces. The 
characterist ics of the DRI used are shown in Table 3.3.












1. 23834 91.64 8.04 83.60 91.23 1.05
2. 23859 90.59 6.51 84.08 92.81 1.03
3. 23832 91.71 6.96 84.75 92.41 1.04
4. 23858 90.67 7.11 83.56 91.14 1.07
5. 23833 91.40 8.72 82.88 90.46 1.04
6. 23778 91.00 6.56 84.44 92.79 1.33
7. 23842 90.81 10.34 80.47 88.61 1.05
8. 23956 91.13 6.05 85.08 93.36 1.61
9. 23645 91.17 9.34 81.84 89.73 1.17
10. 23885 91.18 7.38 83.80 91.91 0.91
11. 23777 91.35 7.52 83.83 91.77 1. 14
12. 23880 89.85 7.30 82.55 91.88 0.71
13. 23947 89.39 11.78 77.64 86.84 1.32
14. 23835 91.24 8.76 82.48 90.40 1.00
15. 23884 89.85 9.71 80.14 89.19 0.91
16. 23938 90.18 8.40 81.79 90.70 1.22
17. 23940 90.85 11.59 79.26 87.24 1.09
18. 23946 89.86 11.52 78.31 87.15 1 . 14
19. 23939 89.38 11.99 77.39 86.59 1.07
The other raw materia1s for the electric arc 
furnace are scrap and sku11. Scrap which is used can 
be classified according to its source. Home scrap and
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skul1 are worthless products from the steel making 
process, after the completion of f ini shing operat ion. 
Purchased scrap is commonly recognized as import scrap 
having number 1 and 2 HMS quality. Inspect ion of the 
import scrap is usually conducted by a surveyor 
(appointed by the company) at the time of unloading. 
The composi t ion of scrap is roughly as shown in 
Table 3.4.











Mixture of burnt 1ime and crude do1omite is used 
as flux material and their compos i t ions are shown in 
Table 3.5.
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Table 3.5 - Chemical composition of Burnt Lime 
and Dolomitic Limestone.






MgO 1. 19 19.49
S ÌO2 0.23 0.35
V M - 46.24
The additive material and alloys which are used 
for producing billet are graphite, Ferro-manganese, 
Silicon-manganese, Ferrosi1icon, Calcium-silicon and 
Aluminium. The chemical composit ion and size of
addi t ives/alloys used are shown in Table 3.6.
The chemical analysis of the billet product is 
given in Appendix B
3.3 MELTING FRACTICE
The melting practice used for the trial followed 
the standard melting practice of the Billet Steel Plant 
as described below.
After the tap hole preparation, the electric arc 
furnace is charged with 3 tons of direct reduced iron
Table 3.6 - Chemical composition o f Additives/Alloys
No Additive/Alloy Element, %
Mn Si C Fe Al S P Ca Size(mm)
t Ferro-manganese 
(high carbon)
78.91 0.74 6.82 balance - 0.004 0.163 - > 60
2 Ferro-manganese
(Surafin)
77.03 1.30 1.64 balance ** 0.008 0.266 > 6 0
3 Silicon-manganese 66.05 16.10 1.68 - - 0.004 0.144 - > 6 0
4 Ferro Silicon - 76.36 0.201 - 1.250 0.003 0.012 - > 6 0
5 Ferro Vanadium - 1.09 0.207 balance 0.84 0.011 0.012 - -
6 Calcium Silicon 
(wire)
- 32.5 - - 0.87 - 60.0 -
7 Carbon material 
(graphite)
- 92.74 • • - - - 1 - 5
8 Coke - ■ - 81.64 - - - - - -
9 Aluminium
(briquette)
- - - 98.4 - - - - > 6 0
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(DRI) and approx 400 kg of flux (mixture of burnt lime 
and dolomite) by cont inuous feeding, and one bag (ca 700 
kg) of graphite at the bottom of the furnace. Then are 
charged two buckets, the first containing ca 13.5 ton 
scrap, ca 11 ton scu11 and t he second cont a ining ca 15 
tons of direct reduced iron.
Penet rat ion is then started and arc generated by 
minimum power, then after 4 - 5  minutes the power is 
raised to its maximum point, as shown in Figure 3.2. 
For slag door area, melting process is aided by two 
oxygen pipe lances, consuming about 400 Nm3 each. Flux 
is charged cont inuously after the power has achieved its 
maximum. When t he raw material is a1 ready me 11 ed 
(75%), then the DRI feeding is initiated at the speed of 
10 t/hr, while some remains of adhered scrap are 
funct ioning as s ide wall protect ion against radiat ion. 
The speed of DRI and burnt lime feeding is adjusted as 
shown in Figure 3.2, in order to control melt ing stee1 
temperature approximately to 1,550°C, for the fluency of 
dephosphorizat ion process. The maximum speed of DRI 
continuous feeding is about 42 t/hr, and the input power 
reaches 24.4 MW. Bath condi t ions are required to obtain 
feed rate around 27.3 kg/min/MW. During DRI cont inuous 
feeding phase, at which foaming slag is maintainable, 
the condition of the electric arc furnace is quieter 
than at the time of scrap melting. At the end of melt-
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1 2 3 4 5 6 7 8
REMARKS:
1. Start of Cutting 5. Increasing of DRI speed (42t/hr)
2. Start of DRI continuous feeding (1 Ot/hr) 6. Taking sample & temperature measurement
3. Start of Slag foaming process 7. Completed DRI feeding, taking sample &
4. Increasing of DRI Speed (25t/hr) temperature measurement.
‘ 8. Tapping
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down, feeding rate is reduced, and the temperature is 
raised unt ill reaching tapping temperature. DRI f eeding 
stops at me It-down period, and then the furnace is in 
de-slagging stage, at which most of the phosphorus is 
flushed together with slag.
The subsequent phase is the refining of which 
activities are chemi ca1 compos i t ion and t emperature 
adjustment. After being adjusted, the furnace is 
directly tapped into a hot ladle, and then the alloys 
( FeMn, FeSi ) are added to the ladle for deoxidation 
and alloying. A ladle crane with 130 tons capacity lifts 
the ladle and transfers it to the ladle furnace area or 
the rinsing station, f or secondary steelmaking 
processing. After the final analysis of the stee1 is 
reached and the heat is homogenized, then the finished 
heat is promptly sent to the cont inuous cast ing machine 
ready to be cast.
3.3.1 Sampling
To check the variabi1ity of the materials used in 
the trial for chemical composit ion it was necessary to 
t ake the samp 1e of the materials exit ing the bin for 
every heat as foilows;
a. Direct Reduced Iron,




The quantity and number of samples taken are shown in 
Table 3.7.
Table 3.7 - Sampling Schedule
S a m p l e Number per heat
1. Direct Reduction Iron 1
2. Flux 1
3. S 1 ag 2
4. Stee 1 •2
3*3.2 Variable Parameters
The variable parameters of the experiment that
could be handled during the trial were :
(a) Oxygen consumption (OCL), ranging from about 15 
Nm3/ton liquid steel to about 30 Nm3/ton liquid 
steel,
(b) Carbon material consumption as per stoichiometric 
requr iements,
(c) Basicity of slag (Ca0/Si02) adjusted to be more 
than 1.8 ( 1.8 - 3.0 ),
(d) % MgO content in the flux material as a ratio 
between portion of burnt lime and dolomitic
1imestone.
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4 * °  R E S U L T S  a n d  d i s c u s s i o n
4 - 1 G E N E R A L
As stated in Chapter 1, 
experiment was to study and to opt 
variables for forming stable foamy 
arc furnace steelmaking by using an 
manipulator to achieve higher e 
utilisation as well as higher yield
the purpose of the
imi se the operat ing
slag in the electri c
oxygen/carbon lance
f f iciency of energy
of steel.
According to theory (Section 2.3) , there are
three parameters of slag foaming that characterize the
st abi lity of foamy slag, namely: foam height (h) ,
f oaming index (2) and foam life (t ). The greater the
value of these parameters the more stable is the foamy 
slag that is formed. Practically, in industrial scale it 
is not only not common to measure these parameters, but 
often it is also impossible. As explained before, there 
are several factors that influence these parameters and 
therefore the stability of foamy slag. These factors, as 
shown in Figure 2.2 include surface tension and 
viscosity of the slag, the second phase particles in the 
slag, the basicity, MgO content in the slag, temperature 
of slag etc. It is no doubt that the more stable the
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foamy slag is the more will increase the efficiency of 
energy transfer from the electrode to the metal hath, as 
shown in Figures 2 , 1 and 2 .3 1. With this correlation by 
pract icing the format ion of stable foamy slag in 
electric arc furnace steelmaking in industrial scale, it 
can be inferred that the 1ower is the e1ectrica1 energy 
consumption the greater are the values of foam height 
(h), foaming index (2 ) and foam life (x) . That is why 
by keeping all parameters that are influencing the 
electrical energy consumption more or less constant, it 
can indicate the stability of slag foaming formation. 
As the aim of slag foaming formation is to achieve 
higher efficiency of energy, it can be assumed that the 
electrical energy consumption, a readily measurable 
parameter, indicates the stability of slag foaming 
format ion.
To evaluate the result of actual electrical 
energy, obtained from the experiments or trials, it is 
necessary to represent the correlation between 
theoretical calculated electrical energy demand versus 
actual electrical energy. This correlation is 
important, in order to check that these datas of actual 
electrical energy are favourable for using as measurable 
parameter indicat ing the stabi1ity of slag foaming 
f ormation.
Table € (Appendix) shows the calculated electric
8 6
energy required in comparison with actual 
energy consumption. Figure 4.1 shows the 





By observing the corre1 at ion between calculated 
energy demand (Wr ) versus actual electrical energy 
(Figure 4.1), it can be assumed that it is showing a 
1 inear f unet i on with 1imi t ed dev i at ion. 11 means t hat 
the other factors which inf1uence the actual e1ectrical 
energy for every heat, such as t ime utili zat ion of the 
furnace, can be considered to contribute the same way 
or can be negligible. Figure 4.1 shows that calculated 
energy demand and actual electrical energy consummed 
compare reasonably well that it can be considered that 
the other f actors which may influence the actual 
electrical energy consumpt ion for every heat, such as 
t ime utilizat ion of the furnace, can be considered wi11 
make the same contribut ion. In other words, the results 
strongly suggest that use of actual electrical energy 
consumption as measurable parameter for indicat ing the 
stability of of slag foaming format ion is reasonable. 11 
should also be noted that the same conclusion was 
recently reported by Morales, R.D., et al [1995] using, 
as in the present case, about 80% DRI in the charge.
By observing the data of electrical energy
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WE, kWh/tls
Figure 4.3 - Calculated energy demand (WR) versus actual electric energy (WE)
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consumption (kilowatthour), the degree of 
slag foaming formation can be analysed, 





Thus, from t he foregoing it can be inf erred that, 
under ohterwise s imi1ar condi t ions, the 1ower is the 
electrical energy consumption in an electric arc 
furnace, the greater are the values of foam height, 
foaming index and foam life. In other words, the 
electrical energy consumption, a readily measurable 
parameter in pract ice, indirectly indicates the 







should be noted that it is the specific 
energy consumpt ion that is import tant, which 
has to involve considerat ion of yield. The 
influenced by the FeO content of the slag, 
for otherwise s imilar condi t ions, the lower is 




The experimental results ( See 
ained can be combined in three groups 
Slag foaming trial using burnt lime 
see Tab 1e D .1
Slag foaming trial using mixture of 






f l u x ,
and
see
Tab 1e D .2
89
(3) Slag foaming trial using mixture of burnt lime and 
dolomit ic limestone ( ratio 1:1 ) as flux, see 
Table D.3
The results are completed also with the chemical
composition of the direct reduced iron charged and of 
the refining slag in each case. The oxygen consumption 
of the oxygen carbon manipulator varied in the range 
15 - 30 Nm3/ton liquid steel, and carbon material
consumption was adjusted to be balanced. The adjustment 
of flux feeding was to achieve basicity ( Ca0/Si02 ) of
1.7 - 1.8, during melting and 2.3 - 2.5, during
refining.
4.2 EFFECT OF THE OCL MANIPULATOR
Comparison of operation with and without the OCL 
can be done by analysing the operational performance of 
the electric arc furnace No.l, using consumable lance 
pipe for oxygen injection, as it is not equipped with 
the oxygen carbon manipulator (see Table 4.1 ).
Table 4.1 shows that for the identical furnaces 
and practically identical conditions, the mean 
electrical energy consumption of EAF II was 682 kWh/ton 
liquid steel and the yield was 89.65% compared with 765 
kWh/ton liquid steel and 83.96%, respectively, for EAF I. 
Since, by inspection of Table 4.1, the number of heats
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1. Number o f heats 232 234
2.. Hyl-I sponge ratio, % 65.1 64.2
3. Yield, TLS/TCT, % 83.96 89.65
4. Electric Energy, kWh/TLS 765 682
5. Oxygen, Nm3/TLS 14,.5 15.5
6. Electrodes, Kg/TLS 5.8 4.6
7. Gunning Material, Kg/TLS 4.0 4.0
8. Power on, minutes/heat 127 118
9. Tap to tap, minutes/heat 155 150
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involved and the operating conditions were practically 
identical in the two cases, the observed difference, 
according to theory, must be due to the difference in 
the foamy slag characteristics. Accordingly, the
difference in the way the oxygen and carbon were 
injected, namely with a stee1 pipe, manually and with 
the water cooled, oxy-carbon lance (OCL) manipulator, 
mechanically, must have been responsible for the
difference in the foamy slag characteristics.
With an oxy-carbon lance manipulator, the
injection of the oxygen and the carbon can be done 
precisely, both with respect to the flow rates of each, 
as well as with respect to the uniformity of 
distribut ion inside the furnace. Moreover, the
reproduc ib i1i ty of flow rates and uni formi ty of 
distribution is virtually guaranteed with an OCL
manipulator, whereas in the case of a manual inject ion 
of the oxygen and carbon via two ordinary steel pipes, 
is very much subject to human error. This is also
supported by the statistical evidence of somewhat 
greater variability in the manual injection case (s = 
96.9 kWh/ton liquid stee1), compared with that for the 
OCL manipulator (s= 89.5 kWh/1on liquid steel).
As the purpose of the investigation was to find





yield of s 
with its 
injection,
variables for forming stab 
arc furnace steelmaking 
of energy utilisation, 
teel, investigation using 
superior control and 
was mandatory.
le foamy slag in the
to achieve higher
as well as higher
the OCL manipu lator,
reproducibility of
4.3 effect of different flux additions
The pertinent data in Table D.l, D.2 and D.3 for 
the trials are summarised in Table 4.2.
Table 4.2 Summary of pertinent data of the trials.
L ii e: D ol
H»! Oi/tls KWh/tIs Kg C/tls Power on, Min
M e a n SD M ea n SD Mea n SD Mean SD
1:0 25.9 5.92 633 14 17.5 2.6 111 4.6
4:1 24.0 1.6 612 13 1?.? 2.1 111 5.2
1:1 24.4 2.5 63? 28 19.5 4.2 116 5.3
For the comparison of the electrical energy 
consumption statistical t-test was performed on the data 
in Table 4.2 with the following results :
Case R
4 : 1 0.021
1 : 1 0.061
1 : 0 0.370
From these results it is clear that addition of 
burnt 1ime:dolomit ic lime in the ratio 4:1 decreases the
electrical energy consumption significantly more than
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the other two cases, especially the 1:0 case.
To make sure that the other variables in Table
4.2 did not influence the above results, statistical t- 
test was also performed on these other data in Table 
4.2. As the p value for these data, namely, oxygen and 
carbon, and power on time was in the range of 0.21 -
0.38, it is safe to conclude that these variables had no 
significant influence on the above electrical energy 
consumpt ion result.
The question of the decrease of electrical energy 
consumption as such, by increasing oxygen consumption 
from 15.5 Nm3 O2 /ton liquid steel in Table 4.1, to 24.0 
Nm3 O2 /ton liquid steel in Table 4.2, must also be 
considered before it is possible to ascribe the observed 
decrease of the electrical energy consumption to a more 
stable foamy slag by the addition of 4:1 burnt 
1ime:do 1omitic lime flux.
From Tables 4.1 and 4.2, the difference in oxygen 
consumption involved is 24.0 - 15.5 = 8.5 Nm3 O2 / ton 
liquid steel, and that of the energy consumption is 682 
- 612 = 70 kWh/ton liquid steel.
As will be shown in the next section, considering 
that, theoretically, 1 Nm3 0 2 /ton liquid steel accounts
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for 3 kWh/ton liquid steel and therefore the 8.5 Nm3 
O2 /ton liquid steel would account for only 25.5 kWh/ton 
liquid steel, means that it is almost certainly the 
forming of a s t ab1e foamy s1ag in electric arc 
steelmaking that is the factor that saves the major part 
of the electrical energy consumption. And this is also 
so even if the higher value of 4.3 kWh/ton liquid steel 
in equation (2.32) is used.
4.4 EFFECT OF OXYGEN CONSUMPTION
To obtain the ef f ect of oxygen consumpt ion, for 
all of the three combinat ions of flux variat ion, the 
relationship between the following can be analysed :
a) . The electrical energy consumption and oxygen
consumption,
b) . Carbon material consumption and oxygen consumpt ion,
c) . FeO content in the slag and oxygen consumpt ion,
The consumpt ion of electrical energy without 
using the oxygen carbon lance manipulator is taken from 
the average data of May, 1996 in Table 4.1 of the 
electric arc furnace No 1, which used the same charge 
mixture, with the average of 14.5 Nm3/ton liquid steel 
oxygen consumpt ion indicat ing 765 kWh/ton 1iquid steel. 
The term used here for the decreasing of e1ectrica1 
energy consumpt ion is the difference between the
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electrical energy consumption obtained in the 
experimental trial (Table 4.2) and the figure of 765 
kWh/ton liquid steel. The observed decrease of 
electrical energy consumption ranged from 92 kWh/ton 
liquid steel to 185 kWh/ton liquid steel, that is about 
12 % to 24 % reduction.
Additionally the higher the oxygen consumption, 
the higher was, on the average, decrease of the 
electrical energy. It means that increasing the oxygen 
consumption has positive effect on the stability of 
foaming slag, which accords with theory (Figure 2.15 and 
2.24). Because of large scatter of the data it is not 
easy to formulate the relationship between the 
decreasing of electrical energy consumption and oxygen 
consumption mathematically. Nevertheless, the results 
indicate a tendency that the decreasing of the 
electrical energy consumption relating with oxygen 
consumption is better for the slag foaming conditions 
using mixture of burnt lime and dolomitic limestone with 
ratio of 4 to 1 as flux than for the other two 
conditions investigated.
Increasing of oxygen consumption will increase 
the formation of the gas, as a result of its reaction 
with carbon material to produce bubbles in the slag to 
form a stable foamy slag. This would contribute
96
positive effect by having higher value of foaming height 
(h) and foaming index, as shown in Figures 2.15 and 
2.24.
The react ion between carbon and oxygen is as 
foilows:
C + £ 0 2 -- > CO H° 2 9 3 = 1.4 kWh/Nm3 02
The equilibrium constant Ki, is [Hilty, D.C. et al,1967]
Ki = p2 CO , log Ki = 1168 + 2.07
ac x p02 T
Stoichiometrically cons ider ing industrial oxygen purity,
1 kg carbon reacts with 1 Nm3 of 1anced oxygen and 
generates 2 Nm3 CO, which bubbles out of the slag. The 
react ion is exothermic, releasing about 1.4 kWh/Nm3 
oxygen. Assuming that the excess of oxygen can cont inue 
the react ion to be:
CO + |02 ----> C02 H°293 = 5.8 kWh/Nm3 02
The equi1ibrium constant K2, is [Hilty, D.C. et al,1967]
K2 = p C02 , log K2 = 8448 - 4.58
pCO x p02 T
Each Nm3 of CO requires an additional f Nm3 of oxygen 





showing the relat ionship 
consumpt ion and oxygen
consumption and not ing that furnace operates at a s1ight
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positive pressure, it is clear that post combustion is 
not possible on this score due to the lack of incoming 
oxygen. It is also untikely that for normal operation 
there would be excess oxygen available from the FeO in 
the DRI, as there is norma11y sufficient carbon present 
in the DRI to completely react with it.
Table 4.3 - The relat ionship between carbon material
consumption and oxygen consumpt ion.
Liie : Doioiitic Linestone 
1:0 Liie : Doioiitic Liiestone 4:1 Liie : Doioiitic Linestone 1:1
Kg C/tls Hnt3 Oi/t Is Kg C/tls Ni30j/tls Kg C/tls N»!0i/tls
18.4 30.3 18.9 26.0 14.6 23.916.0 21.2 17.0 23.4 16.2 28.215.2 23.1 18.5 23.1 16.2 22.321.7 36.7 11.9 21.7 18.5 23.113.6 15.6 23.0 24.7 28.4 20.720.2 28.6 14.1 22.1 23.1 28.420.8 27.1
Considering that without post combust ion, 1
Nm3O2 /ton liquid steel theoret ically accounts for 3 
kWh/ton liquid steel [Mathur, et al, 1993] it means that 
it is the forming of stable foamy slag in electric arc 
steelmaking that saves the major part of the electrical 
energy consumpt ion, up to 22% in the present case.
4.5 EFFECT OF DOLOMITIC LIMESTONE IN THE FLUX
The best result for a single heat in terms of 
decreased electrical energy consumption was obtained
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using mixture of burnt lime and dolomitic limestone with 
ratio 4 to 1 as flux, consuming about 26 Nm3 total 
oxygen/ton liquid steel and having 580 kWh/ton liquid 
steel electrical energy consumption (Table D.l, D.2 and 
D . 3 ) .
The foregoing result can be explained according 
to theory that MgO has positive effect to foam the slag 
(see Figure 2.20) and the amount of carbon dioxide 
obtained from the crude dolomitic limestone, can be 
doubled in terms of the volume that will contribute to 
the stability of foamy slag by means of the reaction 
with carbon. Using a mixture of burnt lime and 
dolomitic limestone with a ratio of 1 to 1 as flux give 
worse result. This is caused by the higher volume of 
carbon dioxide formation taking the energy, and also the 
reaction between carbon dioxide and carbon will absorb 
the energy, as these reactions are endothermic.
This explanation can be more understood by 
observing the relationship between carbon material 
consumption and oxygen consumption (Table 4.2 and 4.3). 
The requirement of carbon material for reacting with 
oxygen to foam the slag is increasing by using more 
portion of dolomitic limestone.
The effect of using dolomitic limestone in the 
flux is the ability of splitting off of carbon dioxide
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at high temperature as shown by the reaction:
MgCOa — > (MgO) + (CO2 ) H 02 9 8 = -1.33 kWh/mol 
This reaction is endothermic.
Carbon dioxide formed react ing with carbon mater ia1 
supplied, generates carbon monoxide by the reaction:
(C) + (CO2 ) > 2(CO) H 02 9 8 = -4.4 kWh/kgC
The equilibrium constant Ks, is [Hilty, D.C. et al51967]
K3 =.P2 CO , log K3 = -7280 + 6.65
ac x pC02 t
F = 40.800 - 41.7 T (cal).
This react ion is also endothermic.
The equi1ibrium of this react ion is in accordance with 
the Boudouard curve, as shown in Figure 4.2. At high 
temperature ( > 1000°C) the reaction will be almost
completely to the right direct ion. But the formation of 
carbon monoxide which has double the volume than the 
original (CO2 ) generated, is very important, because 
this is contribut ing to the stability of foamy slag (see 
Figure 2.5 and 2.24 ). Besides that the format ion of 
carbon monoxide will drive the reduction of (FeO), 
which increases the yield of steel by the react ion:
(FeO)+(CO) — >(Fe)+(C02) H ° 2 9 S = +0.02 kWh/kgC
The react ion is exothermic.
And the react ion between carbon and i ron oxide (FeO) is:
(FeO) + (C) ---> (Fe) + (CO) 11*2 9 8 = -3.6 kWh/kkgC




F igure 4.2 - E quilibrium  C - O - C O 2 [ C ourdurier, L. et, al, 1978 ]
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This tendency is reasonably clear for the 4:1 
case in Table 4.4, showing the relationship between iron 
oxide (FeO) content in the slag and oxygen consumption. 
The average of (FeO) content for the 1:0, 4:1 and 1:1 
case are 13.9%, 11.7% and 19,6% respectively.
Table 4.4 The relationship between FeO content in the 
slag and Oxygen consumption.
L i m e : D o i o m i t i c  L i m e s t o n e  
1:0
L i m e : D o l o m i t i c  L i m e s t o n e  
4:1
L im e : D o l o m i  tie L im es t on e  
1:1
FeO, % Ni 3D2/tIs FeO, % N m 302/tIs FeO, % K i ’Oi/tls
17.51 30.3 14.73 26.0 22.39 23.9
12.78 21.2 10.42 23.4 20.41 28.2
13.32 23.1 11.34 23.1 24.38 22.3
12,80 36.7 16.76 21.7 14.24 23.1
14.34 15.6 6.73 24.7 16.55 28.4
12.78 28.6 14.90 22.1
6.83 27.1
In the other two cases the large var iab i1i ty has
masked the effect. By using dolomi t ic 1imestone, the
higher the oxygen consumption is the smaller is the
(FeO) content in the slag, or the better is the yield of 
steel. But the higher is the dolomitic limestone used 
the higher the energy consumed, as the splitting off of 
carbon dioxide is endothermic reaction. And the 
distribution of the energy will influence to the 
progress of the reaction between iron oxide (FeO) and 
carbon, which is also endothermic. So the decrease of 
iron oxide (FeO) content in the slag is slower using 
mixture of burnt lime and dolomitic limestone with ratio
1 0 2
1 to 1 as flux. These conclusions are made clear by 
inspection of Tables D.1 - D.3 in the Appendix.
To cont ro1 t he effect iveness of f oaming it is 
worthy to check iron oxide (FeO) content in the slag 
relating with t he add i t ion of t he carbon mat e r i a1. 
Table 4.5 shows the relat ionship of FeO content in the 
slag and carbon material consumpt ion for the three 
variations of t he f1ux combinat ions used.
Table 4.5 - The relat ionship between FeO content in
the slag and carbon material consumpt ion.
Lit e  : D o l o i i t i c  L i m e s t o n e Lim e  : D o l o i i t i c  L i m e s t o n e Lime : D o l o i i t i c  L i m e s t o n e1:0 4:1 1:1
FeOX Kg C / tIs FeO? Kg C / tls FeO? Kg C / ils
17.51 18.4 14.73 18.9 22.39 14.6
12.78 16.0 10.42 17.0 20.41 16.2
1 3.32 15.2 11.34 18.5 24.38 16.2
1 2.80 21.7 16.76 11.9 14.24 18.5
14.34 13.6 6.73 23.0 16.55 23.1
12.78 20.2 14.90 14.1
6.83 20.8
Despite the obvious scatter of the data, it can 
be seen that it is more effective to foam the slag using 
flux containing mixture of burnt 1ime and dolomitic 
1imestone, as the addi t ion of carbon material decreases 
the FeO content in the slag in higher quantity. Using a 
mixture of burnt lime and dolomit ic 1imestone with rat io 
of 4 to 1 as flux, results in the average content of FeO
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in the slag of about 11.7 %. This is very clear in the 
case of 4:1 Lime Dolorait ic lime stone but is masked by a 
large variablity in the other two cases.
The optimum cond iti on is that, having 1ower
content of iron oxide (FeO), contributes to the 
stability of foamy slag, without sacr i f i c ing t he 
consumption of electrical energy. By control 1ing the 
quantity or the volume of carbon dioxide being formed to 
create stab 1 e s1ag foaming, this optimum condition can 
be realised. According to the result of the trials 
it can be coneluded t hat us ing a mixture of burnt lime 
and dolomit ic 1imestone with a rat io of 4 to 1 can 
approach the optimum condition to achieve better yield 
(FeO content ~ 11.71) and lower energy consumption 
(kWh/ton liquid steel ~ 580 ).
Figure 4.3 shows the relationship of the iron 
oxide content in the slag during the hot phase as a 
function of the carbon content in the melt and includes 
the results using the oxygen carbon manipulator with 
flux containing a mixture of burnt lime and dolomit ic 
limestone with ratio of 4 to 1 and consumable lance pipe 
for oxygen injection in the other electric arc furnaces 
(No. 1 and No.3) for the same flux ratio. It can be 
seen that using the oxygen carbon manipulator with flux 
containing a mixture of burnt lime and dolorait ic 
limestone (4:1) has the relationship that is more near
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Figure 4.3 - FeO content in slag and carbon material consumption ;
O =  OCL EAF Num ber 2
□  =  O xygen lance pipe injection (E A F  N o. la n d  N o .3 )  
Equilibrium line constructed from the (FeO) activity data o f  
Turkdogan and Pearson [1953] and those o f  Ukai et al [1985] 
assum ing pco=  1.1 atm. Temperature =  1600 °C and the slag  
saturated with respect to  dicalcium silicate.
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toward the equilibrium than the performance using 
consumable lance pipe oxygen inject ion in other 
furnaces. It means that forming better foaming slag, 
will achieve lower amount of FeO content or better 
reduct ion of FeO in the slag that giving better yield of 
liquid stee 1 at low [O] content, i.e. better approach to 
equilibrium and enables to carburize the bath smoothly.
Additionally, the average content of MgO in the 
slag is higher (10.22 % ) by using the mixture of burnt 
lime and dolomitic 1imestone in the ratio of 4 to 1 as 
flux, and it is about 85% of saturated MgO content. 
Mathematical calculat ion of MgO saturat ion for electric 
arc furnace refining slag can be seen in Table E 
(Appendix). As noted in Sect ion 2.7.6 it is good for 
prevent ing chemical attack of the brick wall of furnace.
4.6 EFFECT OF THE BASICITY OF SLAG
According to Figure 2.21 foaming index increased 
with increasing basicity (Ca0/Si02) when basicity was 
greater than 1.22. This is because the presence of 
solid particles, such as 2Ca0.Si02, significantly 
increased foam stability. Therefore, the precipitation 
of second phase part icles had larger effect than 
increase in surface tension and decrease in viscosity on 
foam stabi1ity. At equi1ibrium, the iron oxide (FeO)
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concentration in the slag determines the [0] content 
and this also determines the [C] content of the bath. 
At low [O] content a higher carbon content can be 
achieved in the bath when the amount of (FeO) in the 
slag is small. That is why the average initial carbon 
content which represents a measure of the amount of gas 
which can be formed from bath and which, because it is 
coupled with oxygen content of the bath, makes it 
possible to draw conclusions as to the iron oxide (FeO)
content in the siag.
According to Figure 2.27, the effects of iron
oxide activity and slag basicity on the f oaming
behaviour of the slag can be plotted from the pract ical
data. The regions of different slag composition for each 
variation of flux mixture in the present study are shown 
in Figure 4.4. Observing the slag composition region 
it can be seen that the optimised value of slag 
composition region related with their foamability is the 
slag which is created from the flux containing mixture 
of burnt lime and dolomite limestone with ratio of 4 to 
1, having the average value of FeO content about 11.67% 
with basicity about 2.1 in the region of good foaming. 
And the unoptimised value of slag composition region 
is found in the slag using mixture of burnt lime and 
dolomitic limestone with ratio of 1 to 1, having the 
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about 2.3. Slag which has the composition ment ioned 
does not necessarily foam well [Turkdogan, and Pearson, 
1953]. The précipitât ion behaviour of dicalcium 
s i1icate and magnes iowüst ite is influenced by the 
dissolving behaviour of 1ime and do 1omite and by the 
kinetics of the précipitât ion process. In addition, high 
(FeOn) activities at the same carbon contents, means 
that the amount of CO gas in the bath which is 
favourable for foaming may be part ially or completely 
missing. For this reason, good foaming is not always 
observed in this slag compos i t ion region, even though 
the viscosity is favourable.
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5.0 CONCLUSION
The results of this study to optimise the operating 
variable for forming stable foamy slag in electric arc 
furnace steelmaking by using oxygen/carbon lance 
manipulator to achieve higher efficiency of energy as 
well as higher yield of steel have shown that :
1. The experiment of pract ice of f orming stable foamy 
slag in electric arc furnace steelmaking using direct 
reduced iron as the most charge, can decrease 
electrical energy consumption up to 24%, with the 
best condi t ion achieving 580 kWh/ton liquid steel.
2. The more stable foamy slag in electric arc furnace 
steelmaking can be achieved by using the mixture of 
burnt 1ime and dolomit ic 1imestone with ratio of 4 to 
1 as flux, resulting in an iron oxide (FeO) content 
in the slag of about 11.67%.
3. The consumpt ion of oxygen of about 25 Nm3/ton liquid 
steel is favourab1e to form stab1e foamy slag in 
electric arc furnace steelmaking using direct reduced 
iron as the most charge.
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4. The optimized value of the slag compos it ion from the 
experiment of forming stable foamy slag in electric 
arc furnace steelmaking using direct reduced iron as 
the most charge is FeO content = 6.73%, MgO content = 
8.63% and basicity = 2.1 .
I l l
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OPERATING PROCEDURE OF OCL LANCE MANIPULATOR
Depending on the power-on stage of the furnace 
(scrap-Melting or Refining) the OCL lance is operated 
differently. The operating steps during each of these 
stages are described below. (Refer to Appendix for the 
definitions and location of OCL lance control-panel 
selector switches and the diffirent positions of the lance).
SCRAP MELTING :
1. Before using the OCL lance, operate the oxy-fuel 
burner (in the slag-door) upto an electric power 
consumption or 150 kWh/ton charged. The scrap in the 
slag-door area should be red-hot.
2. At the end of burner time, bring the furnace to 0 
deg. tilt position and open the slag-door fully 
(through EAF control panel).
3. Select “SCRAP MELTING” mode on the OCL lance control­
panel .
4. Initiate OCL lance movement by pressing "START"
button. This will position the lance in the top
position, just inside the slag-door opening 
(position A). The oxygen will automatically be
switched on by the program (@ oxy-rate 1).
5. Move the lance laterally left/right, by using the 
left/right buttons (or the joy-stick, as the case 
maybe).Note : The lance should at no time come in contact 
with the tunnel side wall and should always be only 
at the highest position in this stage.
The OCL lance should never come in contact with the 
scrap.
6. Move the lance forward into the furnace (to
* position B) if the tunnel is free of any scrap.
7. At this stage, the lance can be moved vertically down
* also-as long as it does no come in contact with any
scrap.
8. Start carbon injection (@ carb-rate 1) by selecting
* ON and selecting 1 on the carbon position switch
*5
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(which has possibilités of 1 to 4). Carbon injection 
supports scrap-melting due to post-combustion of the CO gases.
9. Repeat steps 5-7 until furnace ready for second charge.
Note: Recharging is possible at earlier stages in
comparision to conventional procedures.
10.Press STOP button to withdraw the lance 
(automat ica11y) from the furnace into its park 
position. The lance first moves to its stop position 
and as it withdraws, the oxygen and materia1 supp1y wi11 automatically be cut-off.
11.Repeat steps 1 thru 10 for all subsquest recharges. 
In case of the final charge, the lance may be moved 
to position C during scrap-melting (see Refining).
REPINING :
There are three stages with regard to the carbon 
inject ion that can be achieved during ref ining process. 
These are dependent on the carbon requirement of the steel grade to be produced.
A) Reducing Carbon content in steel (Decarburiza- t ion)
B) Stabi1izing Carbon content in steel
C) Increasing Carbon content in stee1 (Recarburi­zation )
The important points to be kept in mind with regard to 
the Lime injection during ref ining process are :
X) Foamy slag conditions.
Y ) Metallurgical requirement of the steel grade 
produced.
Z) Hot spot control.
The steps to be followed in order to operate the OCL 
lance w.r.t. carbon and Lime are described below.
Note : At no time during operation carbon and 1ime are 
to be injected at the same time.
1. The OCL lance operat ing procedure during ref ining 
stages is initiated by select ing the REFINING mode 
on the OCL control pane 1. The lance automat ically 
moves in upper posi t ion into posit ion C, whether 
the lance is in Park-pos i t ion have to be started 
by "START". The EAF still remains in 0 till­
position. Deslagging will be initiated by foamy 
slag-practice.
2. Lower the lance as much as possible towards the 
bath ssurface and then move it laterally using the 
buttons (or the joy-st ick) on control pane 1. This
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lateral motion (swivelling) of the lance 
distributes the oxygen and the carbon over the 





to reduce carbon content in steel(stage A) 
suuply to be maintained @ oxy-rate 4 (max) 
injection to be maintained @ carb-rate 1
At the end of decarburization give a burst of 
additional carbon (minimum 30 lbs) before "STOP” to 
prevent violent reaction of the bath and furnace 
atmosphere due to excessive oxygen.
4. In order to stabilize the carbon content in steel 
(stage B)
a) Oxygen supply to be maintained @ oxy-rate 1 or 2
b) Carbon injection to be maintained @ carb-rate 2 
or 3
This stage creates foamy slag conditions. 
Deslagging should be done with the furnace at zero 
tilt position.
5. In order to increase carbon content in steel 
(stage C)
a) Oxygen supply to be maintained @ oxy-rate 1
b) Carbon injection to be maintained @ carb-rate 4
6. In case slag foaming (stage X) is difficult to 
achieve (thin slag conditions) CaO contents in the 
slag should be increased by increasing the amount 
of lime added. Oxygen should be supplied @ oxy- 
rate 4 (max). Note : lime cannot be added during 
carbon additions.
7. In case certain metallurgical conditions have to be 
met w.r.t. Sulphur and Phosphorous content of the 
steel, additional lime may be added. In this case 
the oxygen is supplied @ oxy-rate 4 (max).
8. If there are indications of hot-spot developing on 
side-walls (over-heating of s.w. panels), lime 
additions should be maximized. Reset the Flow-rate 
switch for lime @ lime rate 4, with oxygen supply 
set @ oxy-rate 3 or 4.
9. Press "STOP" button to withdraw the lance 
(automatically) from the furnace into position. 
The lance first moves to its top position and as 




The following table describes the different positions of the OCL Lance Manipulator.
1. Posi t ion A : Highest posi t ion of the lance in the
middle of the slag-door tunnel width and depth.
2. Posi t ion A : Highest posit ion of the lance in the
middle of the slag-door width and at the 
end of its depth (towards electrodes).
3. Pos i t ion A: Highest position of the lance in the
middle of the slag-door width, the lance 
tip being at its full extent forwards the 
electrodes. Full extent of the tip being 
half-way between the centre-1ine of 
electrodes and the tunne1 end.
4. PARK POS.: The lance in its safest posit ion
completely outside the furnace with al1 
the flow-rates shut-off.
The following table 1ists the different rates of oxygen, 
carbon and Lime inputs.
OXY-RATE 1 : 
OXY-RATE 2 : 
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The following table describles the functions of the 
important keys on the control-pane 1 of the OCL LANCE
MANIPULATOR.
START *. The program starts by resetting all its values 
to default numbers. The lance moves in its 
highest position and travels to the slag-door 
to its position A (described above).
Note: The slag-door has to be completely
opened before pressing start button. Furnace 




The lance first comes to position A from 
wherever it was when the Stop but ton was 
Pressed and then it moves to its park posi t ion. 
The oxygen, and material f1ow is automatically cut-off.
Should be passed only when the lance is in 
its park-pos i t ion. The s ignal shuts of f the 
complete system including the hydraulies - but excluding water flow.
« Any t ime this button is pressed, it 
shuts off the complete system at whatever 
position the lance happens to be at that time.
E-STOP
WATER In case of water problems this button has to 
be pressed in addt ion to the E-STOP button.
UP/DOWN 
LEFT/RIGHT : 
as The lance moves in the given direct ion only long as any these buttons in depressed.
SCRAP MELT
REFINING: Selects the opérât ion mode during the 
opérât ion cycle of the furnace.
CARBON/LIME CONVEYOR SWITCH (ON/OF) : These activate or 
deactivate the material flow-rate (according to the rates 1isted above).
FLOW-RATE SWITCHES : Act ive on 1y if the Flow Swi tch is 
in the ON pos i t ion. 11 determines the rate of
the material (oxygen, carbon, 1ime) as listed 
above according to the switch position.
The following table describes the INDICATORS on the OCL LANCE Manipulator contro1-pane 1 :
TOTAL OXY—FLOW CONTROL : Gives t he poss ib i1i ty to 
preselect a certain amount of oxygen.
OXY-FLOW: Gives the actual scfm-value at the given t ime.
OXY-FLOW-THIS HEAT : Gives 
This needs to be
the scf used during the 
reset after each heat. heat.
TOTAL OXY-FLOW : Gives the Total oxygen scf consumed 
for any preset t ime. To be reset after given 
time manually.
COOLING WATER TEMP IN : Gives the actual water temperature in the incoming 1ine.
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COOLING WATER TEMP OUT : Gives the actual water 
temperature in the return 1ine.
COOLING WATER FLOW : Gives the actual cooling water flow 
rate (not act ive).
COOLING WATER LEAKAGE : Gives the leakage of water if 
lance shows any leakage (not act ive).
CARBON/LIME INJECT READY : Blinks if conveyor silo is on 
low leve1.
The 1ight is stable if conveyor silo is full
HYDRAULIC PUMP CONTROL
READY LIGHT : Stable when ready.
B1inks when not ready 
RUNNING LIGHT : Stable when ready.
B1inks when not running.
121
APPENDIX - B.
Chemical Analysis Of Bi 1 let Product
CHEMICAL ANALYSIS OF BILLET PRODUCT
GRMÌF
CHEMICAL COMPOSITION ( 5 HEIGHT )
EQUIVALENT
IITHc Na Si P aax S Bai Cu Bax Ni aax Cr Bax V sax Sa aax Nb 1 R lax
C -& Q .
(C t Mn/6]
KS 1006 0.08 sax 0.25-0.45 0.04-0.10 0.025 0.025 0.10 0.10 0.10 0.02 0.040 - 0.25 - JIS G3505 SVRH 6
KS 1008 0.10 nax 0.30-0.50 0.04-0.10 0.025 0.025 0.10 0.10 0.10 0.02 0.040 - 0.25 - JIS G3505 SÏRN 8
KS 1010 0.10-0.13 0.35-0.55 0.06-0.12 0.025 0.025 0.10 0.10 0.10 0.02 0.040 - 0.25 - JIS G3505 SÏRK 10
KS 1015 0.14-0.18 0.40-0.60 0.13-0.20 Í . 0 1 S 0.025 0.10 0.10 0.10 0.02 0.040 - 0.25 - JIS G3505 SÏRII 15 S
KS 1020 0.14-0.23 0.40-0.60 0.13-0.20 0.025 0.025 0.10 0.10 0.10 0.02 0.040 - 0.25 - JIS G3505 SÏRN 20 K
KS 1015 0.14-0.18 0.40-0.70 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 - 0.35 - JIS G3112 SR24
KS 1020 0.19-0.23 0.40-0.70 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 - 0.35 - JIS G3112 SR24
KS 1025 0.24-0.28 0.40-0.70 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 - 0.35 - JIS G3112 SR24
KS 1320 V 0.20-0.23 1.20-1.47 0.15-0.30 0.030 0.030 0.20 0.20 0.20 0.05-0.08 0.050 - 0.35 0.410-0.445 JIS G3112 SR40
KS 1320 N 0.20-0.23 1.20-1.47 0.15-0.30 0.030 0.030 0.20 0.20 0.20 - 0.050 0.05-0.08 0.35 0.410-0.445 JIS G3112 SR40
KS 1325 VI 0.22-0.25 1.30-1.55 0.15-0.30 0.030 0.030 0.20 0.20 0.20 0.05-0.08 0.050 - 0.35 0.446-0.475 JIS G3112 SR40
KS 1325 NI 0.22-0.25 1.30-1.55 0.15-0.30 0.030 0.030 0.20 0.20 0.20 - 0.050 0.05-0.08 0.35 0.446-0.475 JIS G3112 SR40
KS 1325 V2 0.24-0.2? 1.35-1.65 0.15-0.30 0.030 0.030 0.20 0.20 0.20 0.05-0.08 0.050 - 0.35 0.476-0.515 JIS G3112 SR40




CHEMICAL ANALYSIS OF BILLET PRODUCT
GRADE
CHEMICAL COMPOSITIOK ( S fEIGHT )
EQUIVALENT
IITflC U Si P max S max Cu max Ni max Cr V max Sn max Nb l R max
C-EQ.
(C t Mn/6]
KS 1325 V3 0.26-0.29 1.45-1.75 0.15-0.30 0.030 0.030 0.20 0.20 0.20 0.05-0.08 0.050 - 0.35 0.516-0.550 JIS G3112 SR40
KS 1325 N3 0.26-0.29 1.45-1.75 0.15-0.30 0.030 0.030 0.20 0.20 0.20 - 0.050 0.05-0.08 0.35 0.516-0.550 JIS G3I12 SR40
KS 1325 V4 0.29-0.32 1.50-1.80 0.15-0.30 0.030 0.030 0.20 0.20 0.20 0.05-0.08 0.050 - 0.35 0.551-0.600 JIS G3112 SD50
KS 1325 114 0.29-0.32 1.50-1.80 0.15-0.30 0.030 0.030 0.20 0.20 0.20 - 0.050 0.05-0.08 0.35 0.551-0.600 JIS G3112 SD50
n ion 0.14-0.18 0.40-0.70 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 - 0.30 - JIS G3101 SS41
KS 1020 0.19-0.23 0.40-0.70 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 - 0.30 - JIS G3101 SS4I
KS 1320 0.20-0.23 1.20-1.47 0.15-0.30 0.030 0.030 0.15 0.15 0.15 0.04-0.08 0.050 - 0.30 0.410-0.445 JIS G3101 SS55
KS 1320 0.20-0.23 1.20-1.47 0.15-0.30 0.030 0.030 0.15 0.15 0.15 - 0.050 0.04-0.08 0.30 0.410-0.445 JIS G3101 SS55
KS 1325 VI 0.22-0.25 1.30-1.55 0.15-0.30 0.030 0.030 0.15 0.15 0.15 0.04-0.08 0.050 - 0.35 0.446-0.475 JIS G3101 SS55
KS 1325 Kl 0.22-0.25 1.30-1.55 0.15-0.30 0.030 0.030 0.15 0.15 0.15 0.050 0.04-0.08 0.35 0.446-0.475 JIS G3101 SS55
KS 1030 0.27-0.33 0.60-0.90 0.15-0.30 0.030 0.030 0.15 0.15 0.15 0.050 0.35 JIS G4051 S 30 C
KS 1035 0.32-0.38 0.60-0.90 0.15-0.30 0.030 0.030 0.15 0.15 0.15 0.050 0.35 JIS G4051 S 35 C




Table C - Calculated Electric Energy Consumption (Wi )
Table C - Calculated Electric Energy Consumption (Wr)
No. Heat Fe as DRI
Total












WM (FeO) S FeOs W o tis W u W r WE AW
No. Oxide J Metal
% I % t % t t t t CC) min. min. Nm3/tl kW h % % % kWh
t kW h/tls kW h/tis kW h/tls %
1 23834 8.04 83.60 46.00 14.73 1.81 63.40 70.40 0.46 1.84 1631 108 12 26.00
14,805.56 10.34 8.57 1.26 4591.98 41.04 472.59 581 58C 0.18
2 23859 6.51 84.08 47.00 22.40 2.00 61.80 70.00 1.25 1.25 1620 105 0
23.90 15,214.28 8.37 10.05 2.25 3163.24 41.66 441.14 580 592 -2.07
3 23832 6.96 84.75 44.00 10.40 2.00 64.80 72.60 0.46 1.84 1621 111 25 23.40
14,356.65 8.95 8.71 0.91 3892.92 39.43 462.79 594 598 -0.69
4 23858 7.11 83.56 47.00 15.00 2.30 62.40 70.75 1.20 1.20 1625 110 13 28.20
15,120.18 9.14 10.09 1.51 3943.32 41.61 458.12 588 607 -3.10
5 23833 8.72 82.68 46.00 11,30 2.00 62.60 70.20 0.46 1.84 1619 116 29 23.10
14,642.63 11.21 8.79 0.99 5170.18 40.84 485.12 626 610 2.63
6 23778 6.56 84.44 46.00 9.30 2.30 62.30 70.20 0.46 1.60 1633 104 32 21.70 14,954.32
8.43 9.46 0.88 3822.59 40.95 458.48 617 617 -0.06
7 23842 10.34 80.47 46.00 6.73 2.07 61.40 70.20 0.40 1.60 1632 106 2 25.90 14,251.24 13.29
8.56 0.58 6435.48 40.35 512.74 624 617 1.09
8 23956 6.05 85.08 48.00 11.00 2.78 64.80 72.90 0.00 2.80 1622 111 32 30.30 15,722.78 7.78 11.04 1.21
3465.73 42.87 447.59 586 618 -5.19
9 23945 9.34 81.84 44.75 12.78 2.77 61.10 70.10 0.00 2.80 1617 103 11 21.20 14,100.01 12.01 11.24 1.44 5204.23
39.55 488.11 645 619 4.25
10 23885 7.38 83.80 46.00 13.30 2.24 62.10 70.00 0.00 2.80 1617 115 7 23.10 14,840.98 9.49 9.72 1.29 4147.33 40.92
463.99 611 620 -1.46
11 23777 7.52 83.83 46.00 20.00 2.00 62.40 70.35 0.40 1.60 1626 109 71 22.10 14,846.29 9.67 9.75 1.95 3905.60 40.98
457.55 646 625 3.29
12 23860 7.30 82.55 47.00 24.38 1.70 61.60 70.25 1.35 1.35 1614 124 3 22.30 14,937.42 9.39 9.28 2.26 3682.31 41.20
451.93 620 626 -0.96
13 23947 11.78 77.64 47.00 12.00 2.26 60.90 70.30 0.00 2.80 1613 104 35 36.70 14,048.96 15.15 9.63 1.16 7232.78 40.37 527.21 633 632 0.08
14 23835 8.76 82.48 46.00 6.83 1.96 62.50 70.30 0.46 1.84 1650 126 32 27.10 14,607.21 11.26 8.26 0.56 5413.54 40.76 491.17 649
636 1.99
15 23884 9.71 80.14 45.00 20.00 2.30 61.00 70.00 0.00 2.80 1610 113 6 15.60 13,884.26 12.48 10.73 2.15 5117.95 39.12 485.72 666 639 4.29
16 23938 8.40 81.79 47.00 14.30 2.18 62.30 70.95 1.40 • 1.40 1614 117 0 23.10 14,799.90 10.80 9.65 1.38 4870.34 41.20 477.38 624 660 -5.44
17 23940 11.59 79.26 46.00 20.00 2.30 60.90 70.50 1.40 1.40 1618 115 18 20.70 14,036.95 14.90 10.73 2.15 6454.75 40.19 509.85 . 691 663 4.16
18 23946 11.52 78.31 46.00 14.50 2.82 61.40 70.65 0.00 2.80 1610 117 6 28.26 13,868.70 14.81 11.62 1.68 6642.29 39.73 516.23 639 668 -4.42
19 23939 11.99 77.39 47.00 14.20 2.65 60.70 70.85 . 0.00 2.80 1618 123 16 28.40 14,003.72 15.42 11.06 1.57 7157.92 40.32 524.87 682 673 1.38
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APPENDIX - D.
Table D . 1 - EAF II OCL Trials ( Lime 
Table D . 2  - EAF II OCL Trials ( Lime 
Table D .  3 - EAF I I  OCL Trials ( Lime
only )
: Dol. = 4:1 ) 
: Dol. = 1:1 )
Table D.1 - EAFIIOCL Trials (Lime Only)
Table D.1.1 - Operational Data
Data Hast Conventional Charge Total C.F Total Start DRI Dol Lime MET, Ct Before 1 at «ample Aftar 1st (ample Analyse Total Total Power Delay/ TTT TL8 T Total Actual
number Coke Scrap Skull Lime ORI Charge Charge DRI + HBI Total Total Injek. 02 02 Analyae Injek. 02 End Graphit 02 On Melting Energy Energy
No, + HBI Conv, DR! C.P. Total Graphit Manual OCL 1-at Graphit •ample Kg/ Nm3/ kWh/
kg t t t t t t t kWh t t t % % Kg. Nm3 Nm3 % c kg. Nm3 %C Da tts min min mlh t •c kWh tie
1 8/6 23006 700 12,7 12,3 0,3 18+0 42.9 30 72.0 0000 46 - 2.80 93.36 1,61 1191 294 1607 0,290 - 01 0,171 18,4 30,3 111 32 182 64,8 1622 40030 818
2 7« 23040 700 14,00 11,30 0,2 2+10,75 38,10 32 70,10 8600 44,7 ■ 2.80 89,73 1,2 976 407 837 ■ • - 0,082 16.0 21,2 103 11 130 61,1 1617 37820 619
3 31« 23880 700 14.00 10,00 2,0 10+0 39,00 31 70,00 4000 46 - 2,80 01,91 0.91 043 409 1020 0,419 - - 0,252 10,2 23,1 116 7 144 62,1 1617 38000 820
4 m 23047 700 13,3 10.08 0.3 18+0 41,30 29 70,30 108Û0 47 - 2.80 86.84 1.0 1320 270 1660 - - 306 0,153 21,7 30,7 104 36 180 60,0 1013 38470 632
S 31« 23884 700 13,70 11,30 1,8 18+0 43,00 27 70,00 10200 46 • 2,80 80,10 0,01 830 363 600 0,044 00 - 0.06Û 13,6 10,8 113 6 144 81,0 1810 30020 639
0 m 23940 700 14 10,66 ■ 10+0 39.00 31 70,60 9000 46 - 2,80 87,10 1,1 1240 462 1294 - ■ - 0,104 20,2 28,8 117 8 143 81.4 1010 41010 668
Tafcila D.1 2 -  Sponga Iron Chemical Analysis (%) Table 13.1.3 EAF Refining Slag Chemical Analysis [% )
No. Heat N. Fa Total Ftas Oxide Fe aa Metall Metallization Carbon No, Heat N, AI203 SI02 P206 MgO MnO CaO FeO CaO/SI02
1 23980 91,13 0.06 8608 93.36 1,61 1 23800 0,40 16,12 0,69 11,42 2,7 40,07 17,61 2/06
2 23048 81,17 9,34 81,84 89,73 1,17 2 23946 0,41 10,11 0,01 10,20 2,16 44,60 12,78 2,77
3 23886 91,18 7,38 83,80 91,91 0,91 3 23080 6,29 21,16 0,60 4,87 2,4 47,33 13,32 2,24
4 23047 89,39 11,78 77,64 86,84 1,32 4 23047 6 29 17,1 0,65 13,40 3,03 41,17 12,8 2,41
5 23884 89,88 9,71 80,14 80,19 0,91 6 23884 5,78 16,01 0,04 8,05 1,88 48,67 14,34
6 23846 80,86 11,62 78,31 87,16 1,14 6 23946 6,96 18,59 0,62 12,94 2,52 42,19 12,78 2,27
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TABLE D.2.1 - EAF II OCL TRIALS (LIME : DOL * 4 : 1 )
Table D. 11 * Operational Data
Date Heat Conventional Charge Totti C.F Tòtal Start DRI Dol Lime MET. Ct Before 1st sample After 1st sample Analyse Total Total Power Delay/ TTT TLS T Total Actual
number Còke Scrap Skull Urne DRl Charge Charge DRI + Total Total injek. 02 02 Analyse Injek. Ò2 End Oraphlt 02 On Melting Energy Energy
No, 4* Dfcl Conv. DRI O.F. HBI Graphit Manuàl OCL 1-st Graphit sample
boi Total Kg/ Nm3/ kWh/
Kg t t t t t t t kWh t t t % % kg. Nm3 Nm3 %C kg. Nm3 4̂ C tls Us min min min t °d kWh tls
1 26/5 23834 ?00 13, to 117Ö 0.4 19 43.40 27 t0.40 9540 46.00 0.46 1.84 91.23 1.05 1200 416 nob 0.4ÒT ■ 135 0.288 18.9 26.0 108 12 159 63.4 1631 36T90 580
2 26/6 23832 700 1t,45 11.15 0.3 18 46.60 26 t le o 9640 44.00 0.46 1.84 92.41 1.04 110Ò 560 954 - - - 0.166 1T.Ò 23.4 111 25 163 64.8 1621 38740 598
3 26/5 23833 700 13.90 10.4Ò 0.3 18 42.20 28 tb.20 10200 46.00 0.46 1.84 90.46 1.04 1060 513 935 0.110 ioo - 0.141 18.5 23.1 116 29 160 62.6 1619 39200 610
4 18/5 23778 too 14.10 10.1Ò 0.5 18 42.20 28 t0.20 9200 46.00 0.40 1.60 9279 1,33 T40 212 852 0,413 - 285 0.129 11.9 217 104 32 153 62.3 1633 38450 61T
5 26/5 23842 too 12.40 11.8Ö 0.3 18 42.20 28 t0.20 82t0 46.00 0.40 1,80 88.61 1,05 141Ò 634 881 - - - 0.136 23.0 247 106 2 122 61.4 1632 3T9Ö0 6 l t
6 18/5 23777 too 13.85 10.5Ö 0.3 18 42.35 28 t0.35 9300 46.00 0.40 1.60 91.77 1.14 60b 312 106T 0.04T 280 • 0.195 14.1 22.1 109 T1 206 62,4 1626 38960 625
7 25/5 23835 too 13.30 11.60 0.4 19 43.90 27 tO.30 9t00 46.00 0.46 184 90.40 1.00 110Ò 363 1160 o.oto 200 1T0 0,24t 20.8 2T.1 126 32 180 62.5 1654 39800 636
Table D.2.2 - Sponge Iron Chemical Analysis (%) Table D.2.3 - EAF Refining Slag Analysis (%)
No. HeatN. AI203 SI02 P205 MgO MnO CaO FeO Ca0/SI02
1 23834 t,39 20,31 0,64 t,55 3,13 36,78 14,73 181
2 23832 7,63 21,10 0,64 10,44 2,50 41,77 10,42 1,98
3 23833 6,90 21,11 0,66 8,22 2,10 42,62 11,34 2,02
4 23Tt8 6,23 16,14 0,62 14,94 2,59 37,06 16,76 2,29
5 23842 8,28 22,80 0,47 8,63 1,96 47,13 6,73 2,07
6 23TTT 7,75 18,02 0,34 10,61 2,31 37,57 14,90 2,08
t 23835 6,65 22,62 0,26 11,17 2,01 44,12 6,83 1,96
No. HeatN. Fe Total Fe as Oxide Fe as Metall Metallization Carton
1 23834 91,64 8,04 83,60 91,23 1,05
2 23832 91,71 6,96 84,75 92,41 1,04
3 23833 91,40 8,72 82,68 90,46 1,04
4 23778 91,00 6,56 84,44 92,79 1,33
5 23842 90,81 10,34 80,47 88,61 1(05
6 23777 91,35 7,52 83,83 91,77 1,14




Tibi© D.3 - EAF II OCL Trial© (Lime : Dol. -  1:1)
Table b.3.1 - Operational Data
Date Héat Conventional Chatty) Total C.F Total Start DRI Dol Ume MET. ct Before 1st sample After 1st sample Analyse Total Total Power Delay/ TTT TLS T Total Actual
number Coke Scrap Skull Ume DRI Charge Charge DRl + Total Total Injek, Û2 02 Analysé Ijnek, 02 End Qraphlt 02 Oh Melting Enérgy Energy
No. + Conv. DRI C.F, HBI Qraphlt Manual OCL 1-st Qraphlt sample
Dol Total «0/ Nms/ kWh/
Kfl t t t t t 1 i kWh t t t % % kg. Nm3 Nm3 %C Kg. Nm3 %G Us «8 min mlh mlh t *C kWh tls
1 26/6 23880 700 12,70 10.30 0,4 16 41.0Ù 28 70,00 12200 47 1.26 1.26 82.81 1,03 900 444 1034 - - * 0.063 14.6 23.9 106 - 130 61.8 1620 36040 692
2 2m 23668 700 13.20 10.66 0.3 18 41,76 20 70.76 8186 47 1,20 1.20 01.14 1.07 890 300 987 • 120 470 0,071 16,2 26.2 110 13 161 62.4 1026 37950 007
3 26/6 23600 700 12.76 10.60 0.3 10 41,26 28 70.26 8260 41 1,36 1.36 01.86 0.71 1000 307 1004 0.079 - - 0.064 16,2 22.3 124 3 149 61.6 1614 38080 026
4 0/6 23038 700 13.80 10.2 0.4 16 41,06 28 70,86 9300 47 1.40 1.40 00.70 1,22 1160 336 1100 - - - 0.182 18.6 23,1 117 - 168 62.3 1014 41100 660
5 0/6 23040 700 13.30 10.20 0.4 18 42.60 28 70,60 10000 46 1.40 1.40 67.24 1.1 800 338 920 Û.088 430 - 0.136 28.4 20.7 116 18 168 60.9 1618 40350 663
6 6/6 23830 700 13.10 10.6 0.6 20 43.86 27 70,86 9460 47 1.40 1.40 86.60 1.1 1280 387 1338 - 160 - 0.118 23.1 26.4 123 16 168 60.7 1618 40070 673
Table D.3.2 - Sponge Iron Chemical Analysis (%) Table D.3.3 - EAF Refining Slag Analysis (%)
No. Heat N. Fe Total Fe as Oklde Fe as Metal Metallization Carbon
1 23869 90,58 6,51 84,08 92,81 1,03
2 23868 90,67 7,11 83,66 91,14 1,07
3 23860 89,86 7,30 82,66 91,88 0,71
4 23838 90,18 8,40 81,79 90,70 1,22
6 23840 80,85 11,69 79,28 87,24 1,09
6 23939 89,38 11,98 77,39 86,69 1,07
NO. Heat N. AI203 SI02 P206 Mgo MnO CaO FeO CSO/SI02
1 23869 6,03 18,03 0,43 6,31 3,10 38,10 22,39 2,00
2 23858 5,41 16,95 0,66 6,73 2,79 39,86 20,41 2,34
3 23860 6,67 20,13 0,51 6,83 3,29 34,19 24,38 1,70
4 23938 2,86 19,41 0,58 9,48 2,63 42,40 14,24 2,18
6 23940 * - - * • - - *





- Mathematical Calculation of MgO Saturation 
for EAF Refining Slag.
Table E - Mathematical Calculation of MgO Saturation for EAF Refining Slag
a) Unit: Dol.*4 :1
No. Haat No. Al20 | $I02 P2Os MgO MnO caO FeO Total i %Mn0' %AI203' %SI02' %P208' %MgO' %cao* %PeO' %SI02* %MgO* %CaO* %P«o„* %SI02" %PeOn" a b %MgOk t(*C) Kf %MgOt(T)
1 23834 7.30 20.31 0.54 7.55 3,13 36.78 14.73 80.43 1.81 1.145 8,47 23.26 0.62 8.65 42.13 16.87 30.34 8.65 44.14 16.87 33.21 18.47 5,55 -0.25 12.30 1831 1.095 13.47%
2 23832 7.83 21.10 0.64 10.44 2.50 41.77 10.42 04.50 1.08 1.087 8.20 22.03 0.70 11.35 45.40 11.33 20.02 11.35 47,40 11.33 33.76 12.78 6.21 -0.31 11.34 1621 1.063 12.06%
3 237?S 8.23 16.14 0.52 14.04 2.50 37,06 16,76 04.24 2.30 1.001 6.80 17.01 0.57 16.30 40.44 18.28 23.34 18.30 42.07 18.28 27.88 21.85 5.20 -0.21 9.83 1633 1.101 10.82%
4 23842 8.26 22.80 0.47 8.63 1.06 47.13 6.73 06.00 2.07 1,083 8.80 24.25 0.50 0 18 50,12 7,16 31.52 0.18 52.15 7,16 34.70 7.88 6.85 -0.36 10.80 1632 1,098 11.85%
5 23777 7.75 18.02 0.34 10.61 2.31 37.57 14,00 01.50 2.08 1.121 8.68 20.20 0.38 11.00 42.12 16.71 27,31 11.00 44,00 16.71 31.00 18.08 5.50 -0.24 11.03 1626 1.079 11.90%
6 23833 6.00 21.11 0.56 8.22 2.10 42.62 11.34 02.85 2.02 1.102 7.60 23.26 0,62 0.06 46.06 12.50 28.66 3.06 48,78 12.50 32.61 13.74 6.10 -0.30 10.86 1619 1.057 11.40%
7 23835 8.55 22.62 0.28 11.17 2.01 44.12 8.83 05.56 1.05 1.060 0.14 24.18 0.28 11.04 47.18 7,30 31,57 11.04 40.16 7.30 35.86 8.20 6.79 -0,35 11.59 1654 1.168 13.54%
b) Lima: Dol. *1 :1
No. Haat No, AljOj $I02 P208 MgO MnO CaO FeO Total B %MnO' %AI2Os' %SI02' %PA' %MgO' %CaO' %PeO* %SI02* %MgO* % Cao* %FeOn* %Sf02" %PaOn" a b %MgOk T (*C) K f %MgO*(T)
1 23859 5.53 18.03 0.43 6.31 3.10 36.10 22.30 81.89 2.00 1.126 6.23 20.31 0.46 7.11 40.66 25.22 25.53 Y -j *| 42,14 25.22 27.48 27.15 4.70 -0.16 10.62 1620 1.060 11.26%
2 23858 5 41 18.05 0.56 5.73 2,79 39,85 20.41 01.50 2.34 1.127 6.10 19.11 0.63 6.46 44.70 23.01 24.32 6.46 46.21 23.01 26.00 24.60 4.03 -0.18 0.32 1625 1.076 10.03%
3 23860 5.87 20.13 0.51 5,93 3.29 34.19 24.38 04.10 1.70 1.101 6.24 22.17 0.56 6.53 37.65 26.85 27.45 6.53 30,17 26.85 20.37 28.72 4.56 -0,14 12.12 1614 1.042 12.83%
4 23938 2.86 19.41 0.58 9.48 2.63 42.40 14.24 01.70 2.18 1,123 3.32 21.70 0.65 10.64 47.60 15.00 24.83 10.64 48.54 15.99 27.78 17.89 5.62 -0.25 9.06 1614 1.042 9.44%
5 23940 . ................................... - - - - - - . . . - . - - . - - - - - - - -
6 23939 3.60 15.01 0.42 7.01 1.32 48,19 16.55 02.10 3.21 1.100 4.06 18.52 0.46 7.71 53,03 18.21 20.02 Y  Y ‘| 54,06 18.21 21.69 19.74 5.42 -0.23 6.72 1618 1.054 7.09%
b) Lime only
No. Haat No. AIjOsj * io 2 p2ob MgO MnO CaO F«0 Total B %MnO' %AI203’ %SI02* % P A ' %MgO' %CiO' %PeO' %SI02* %MgO* %CaO* %PeOn* %SI02" %FeOn" a b %MgO* T (®C) Kf %MgOt(T)
1 23945 5.41 16.11 0.51 10.25 2,18 44.65 12.78 91.87 2.77 1.115 6.03 17.98 0.57 11.43 49.77 14.25 23.08 11.43 51,25 14.25 26.06 16.08 5.82 -0,27 7.95 1617 1.051 8.36%
2 23956 5.45, 15.12 0.59 11.42 2.70 40.07 17.51 92.86 2.65 1.100 6.04 18.77 0.65 12.67 44.44 10.42 21.06 12.67 45.95 19.42 25.14 22.24 5.16 -0.21 8 50 1622 1.067 9.07%
3 23885 6.20 21.15 0.50 4.87 2.40 47,33 13,32 95.05 2,24 1,060 6.72 22.61 0.63 5.21 50.59 14.24 28.32 5.21 52,24 14.24 20.87 15.02 5.94 -0.28 9.60 1617 1.051 10.00%
4 23884 5.78 16.01 0.54 8.05 1.88 46.87 14.34 91.27 2.02 1.119 6.47 17.01 0.60 6.77 52.21 16.04 23.40 6.77 53,79 16.04 26.10 17.21 5.69 -0.26 Y jij 1610 1.030 7.94%
5 23947 6.29 17.10 0.65 13.45 3,03 41.17 12.80 94.40 2.41 1.093 6.88 18.70 0.71 14.71 45.01 14.00 24.58 14.71 46,72 14.00 28.82 16.41 5.78 -0.27 9.31 1613 1.039 9.67%
6 23046 5.96 18.59 0.52 12.94 2.52 42.19 12.78 95.50 2,27 1,076 6.41 19.00 0.56 13.02 45.38 13.74 25.41 13.02 46,93 13.74 20.52 15.07 5.83 -0.27 9.50 1610 1.030 9.88%
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